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NOMENCLATURE 
 
This section provides the most recent attempt to unify the terms used in studies of 3D-
printed models from geological data because no uniform nomenclature exists in this field. 
Subsequent chapters might use older, archaic terms that evolved during implementation of this 
research. 
 
3D—three-dimensional, as in the three length dimensions of a thing (e.g., an object, part model, 
proxy, etc.). 
3D-printed and printed—both refer to a proxy, model or object that was produced on a 3D 
printer. 
3D printer resolution—the smallest element (e.g., “grain”) or gap (e.g., “pore”) that a 3D 
printer can produce. 
CT data—computed tomography data. 3D penetrative volumetric image of a 3D object. 
Computational (numerical) analysis—a method that employs digital models of rocks to 
calculate petrophysical properties and simulate geological processes that are measured 
directly on rock samples in experimental analysis. 
Experimental (laboratory) analysis—a method that employs destructive and non-destructive 
techniques to measure physical, chemical, mechanical, transport, and electrical properties 
of rocks. 
Gap wafer or resolution-test wafer—3D-printed pore-system model made with gaps 
(synonymous with pores or holes) of known sizes used to identify not only the smallest 
gap a 3D printer is capable of printing, but also how the morphology of the gap (surface 
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roughness) changes with a gap size. Gaps can have any shape, but are most often circular 
or rectangular. A special kind of Simple Proxy. 
Numerical (digital) model—cellular model of pores and voids that represents a porous 3D 
volume and exists within a computer. These models can be: 
• Rock Numerical Models—from CT data of a natural rock or sediment pack; 
• Simple Numerical Models—made by using digital design tools like CAD software. 
Simple proxies can be made subtractively (e.g., excising pores and pore throats from 
a “primitive” 3D shape like a cylinder) or additively (e.g., building a pore network 
from smaller parts leaving void spaces in between); 
• Stochastic Numerical Models—made by stochastically populating a 3D volume with 
matter and void based on idealized algorithms or training data from natural samples. 
Pore network—a model of rock pore system that contains pore bodies and pore throats arranged 
in a 3D geometrical volume with specified sizes, connectivity, and shapes.  
Proxy—a 3D-printed example of a numerical model. It also refers to 3D-printed model or object. 
These can be: 
• Rock Proxy— proxy 3D-printed from a Rock Numerical Model; 
• Simple Proxy—proxy 3D-printed from a Simple Numerical Model; 
• Stochastic Proxy—proxy 3D-printed from a Stochastic Numerical Model. 
Proxy accuracy—a measure of how accurate a 3D printer can replicate geometry and sizes of 
pores and grains of a digital model in a proxy.  
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ABSTRACT 
 
The study of geological processes at the pore-scale has significant implications to 
understanding many real-world phenomena related to flow in porous media (e.g., hydrogeology, 
petroleum geology and engineering, CO2 sequestration). While numerical and experimental 
analyses of sedimentary-rock pore systems have advanced to the characterization of nanometer-
scale features, correlation of data across multiple scales of investigation (e.g., between seismic 
data, core samples, thin-section images, and SEM images) is still challenging. The differences 
arise in petrophysical properties (e.g., permeability) calculated on the same pore network under 
varying experimental conditions (e.g., pressure, temperature). 3D printing is a rapidly evolving 
technology that enables the manufacture of intricate 3D pore-network models (defined in this 
research as proxies) that can be investigated experimentally and compared to numerical 
simulations repeatedly.  
The main objective of my Ph.D. research has been to improve our understanding of 
the accuracy of 3D-printed pore networks in comparison to natural rocks. In addition, the 
researched aimed at: 1) the improvement of building and post-processing workflows for 
accurate geometric replication of pore networks by each 3D printing technique; 2) the 
establishment and enhancement of validation workflows to test transport properties of rock 
proxies (e.g., porosity and permeability); and 3) the characterization of artifacts related to 3D 
printing, post-processing, and validation methods for several common 3D printing methods.  
While all 3D printers build models layer-by-layer, the physical and chemical 
properties of build materials, the build process itself, and post-processing methods vary 
widely. My research results provide the extent to which major 3D printing techniques (binder 
jet, polyjet, stereolithography, and fused depositional modelling) and associated materials 
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(powders, polymers, resins, and plastics) can generate useful proxies of common porous 
sandstones (Idaho gray, Berea, and Fontainebleau) that can be tested in the laboratory as 
natural porous rocks. The accuracy and resolution of each technique was evaluated by testing 
the 3D printers with simple pore proxies (built from simple numerical models) and natural 
rock proxies (built from computed tomography data of natural porous rocks). With future 
advances in 3D printer resolution and materials, the fidelity with which we can reproduce 
natural rock pore systems should improve.  
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CHAPTER 1. GENERAL INTRODUCTION 
 
3D printing is a novel method for generating models of porous rocks to help geoscience 
research. These models can link the numerical and experimental analyses in such diverse fields 
as hydrogeology, petroleum geology and engineering, and CO2 sequestration. No prior studies 
have established whether it is possible to produce scalable porous models of natural rocks, how 
accurate the rock pore system can be replicated, or the extent to which common destructive and 
non-destructive geological methods can be used to measure petrophysical properties (e.g., 
porosity and permeability). The overarching objective of my research has been to test hypotheses 
related to how different 3D printing techniques and materials can replicate pore networks of 
natural rocks and how these 3D-printed pore networks can be scaled and used as rock analogs in 
flow studies (e.g., interaction of fluids and solid material). Therefore, the chapters of this 
dissertation each containing a single paper submitted and/or accepted for publication in a journal, 
with my first authorship that pursue this objective. This introduction (Chapter 1) describes the 
content of each paper and my contribution to the hypothesis development, data acquisition, 
interpretation, and manuscript preparation.  
Chapter 2 is an overview paper accepted for publication in the American Association of 
Petroleum Geologists Bulletin that provides a brief overview of common 3D printing techniques, 
their current use in geoscience research and education, and future applications in relation to the 
petroleum industry. This article focuses on the capabilities and limitations of 3D printers and 
materials to replicate rock pore systems at various scales and on the numerical and experimental 
analyses that can be used for measurement of transport, mechanical, and electrical properties of 
rock proxies. The paper is based on a report completed during my internship at Aramco Services 
Company in summer 2015 and extensively expanded in collaboration with co-authors from Iowa 
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State University, Herriot-Watt University, and the University of Alberta. I had a leading role in 
writing and editing of the paper sections, preparation of figures, and revising the proofs. 
Chapter 3 is a short paper published in American Oil and Gas Reporter that provides a 
description of the central hypothesis and the workflow on 3D printing proxies from digital 
models of porous rocks. I contributed to writing and editing of the manuscript, in collaboration 
with my research advisor, Dr. F. Hasiuk, at Iowa State University.  
Chapter 4 contains an experimental paper published in Interpretation, a journal of the 
Society of Exploration Geophysicists and the American Association of Petroleum Geologists. In 
this paper, I attempted to 3D-print copies of porous rocks from computed tomography data using 
polyjet and fused deposition modeling techniques. We discovered geometrical differences 
between digital models and 3D-printed proxies for pore and grain shapes and suggested ways to 
tune 3D printing parameters (such as model and pore sizes, post-processing steps) to eliminate 
erroneous pore connectivity imparted by the 3D printing process. My contribution included 
computed tomography of rock samples at the Center for Non-Destructive Evaluation (Iowa State 
University) with assistance from Dr. J. Gray, processing of digital models, 3D printing, and 
interpretation, in collaboration with my research advisor, Dr. F. Hasiuk, and Ph.D. committee 
member, Dr. C. Harding, at Iowa State University. I had a leading role in the paper preparation. 
Chapter 5 contains an experimental paper accepted for publication in the American 
Association of Petroleum Geologists Bulletin that describes the implementation of the integrated 
replication system using computed tomography data of the natural porous sandstone, gypsum 3D 
printing, and validation. We discovered that validation methods, such as mercury porosimetry 
and digital rock analysis could provide quantitative evaluation of the proxy pore system (e.g., 
pore-throat sizes, porosity, and permeability) and could measure its fidelity with respect to the 
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natural rock. The study was completed during my internship at ExxonMobil Upstream Research 
Company in summer 2014 and the paper was prepared in the year following the internship in 
collaboration my research advisor, Dr. F. Hasiuk, and Ph.D. committee member, Dr. C. Harding, 
at Iowa State University. I had a leading role in data collection and the manuscript preparation. 
Chapter 6 is a method article submitted to Groundwater that represents a refined 
workflow for reservoir rock replication, post-processing, and non-destructive validation using 
stereolithography 3D printing. This methodology is simpler and less expensive than previous 
methods and allows researchers to achieve higher accuracy and “resolution” of rock proxies with 
resin-based 3D printers. I developed the workflow, collected the data, and participated in the 
manuscript preparation, in collaboration with Dr. F. Hasiuk at Iowa State University. 
Collaborators from Aramco Services Company contributed in paper writing and editing. 
Chapter 7 represents a paper submitted to Petrophysics that describes destructive and 
non-destructive evaluation of models built by a polyjet 3D printer from the tomographic data of 
Berea sandstone. The integrated validation approach that involved mercury porosimetry and 
tomographic scanning of proxies helped establishing the accuracy and resolution of the polyjet 
technique. We discovered that wax support material could increase the porosity of rock proxies 
and that characterization of post-processing efficacy should be measured. I was involved in the 
methodology development and data acquisition, in collaboration with Dr. F. Hasiuk at Iowa State 
University. Researchers from Aramco Services Company helped with a paper preparation. 
Diverse 3D printing methods, materials, and geometric models of rock pore system have 
been investigated for producing porous proxies in this research. The results provide details of the 
current state of 3D printing in porous media replication and insights into the future use of this 
technique. 
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CHAPTER 2. 3D PRINTING FOR GEOSCIENCE: FUNDAMENTAL RESEARCH AND 
APPLICATIONS FOR THE PETROLEUM INDUSTRY 
 
 
Modified from a paper accepted to American Association of Petroleum Geologists Bulletin, 2017 
Sergey Ishutov1,2, T. Dawn Jobe1, Shuo Zhang1, Miguel Gonzalez1, Susan M. Agar1, Franciszek 
J. Hasiuk2, Francesca Watson3, Sebastian Geiger3, Eric Mackay3, and Richard Chalaturnyk4 
 
1 Aramco Services Company: Aramco Research Center, 16300 Park Row Drive, Houston, TX 
77084, USA 
2 Department of Geological and Atmospheric Sciences, 253 Science I, 2237 Osborn Drive, Iowa 
State University, Ames, IA 50011, USA 
3 Institute of Petroleum Engineering, Heriot-Watt University, Riccarton Campus, Edinburgh 
EH14 4AS, United Kingdom 
4 Department of Civil and Environmental Engineering, Donadeo Innovation Centre for 
Engineering, University of Alberta, Edmonton Alberta, T6G 1H9, Canada 
 
 
Abstract 
3D printing provides a fast, cost-effective way to produce and replicate complicated 
designs with minimal flaws and little material waste. Early use of 3D printing for engineering 
applications in the petroleum industry has stimulated further adoption by geoscience researchers 
and educators. Recent progress in geoscience is signified by capabilities that translate digital 
rock models into 3D-printed “rock proxies.” With a variety of material and geometric scaling 
options, 3D printing of near-identical rock proxies a method to conduct repeatable laboratory 
experiments without destroying natural rock samples. Rock-proxy experiments can potentially 
validate numerical simulations and complement existing laboratory measurements on changes of 
rock properties over geologic timescale. A review of published research from academic, 
government, and industry contributions indicates a growing community of rock-proxy 
experimentalists. 3D-printing techniques are being applied to fundamental research in the areas 
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of multi-phase fluid flow and reactive transport, geomechanics, physical properties, 
geomorphology, and paleontology. Further opportunities for geoscience research are discussed. 
Applications in education include teaching models of terrains, fossils, and crystals. The 
integration of digital datasets with 3D-printed geomorphologies supports communication for 
both societal and technical objectives. Broad benefits that could be realized from centralized 3D 
printing facilities are also discussed.  
2.1 Introduction 
The phrase “3D printer” has entered the popular lexicon as “a 21st Century technology 
that turns digital designs into 3D physical objects, whenever you want them at low cost.” Many 
forward thinkers and visionaries in industry, academia, and government see value in 3D printing. 
3D-printed objects (“3D prints”) complement digital presentations and visualization tools, 
providing a physical representation of 3D geometries that enhances communication. While 
digital models can be viewed only on a screen, a 3D print can be experienced with all the senses: 
it can be viewed, manipulated, smelled, tasted, and more importantly experimented with in the 
laboratory. 3D printing provides a way to quickly test new concepts and can generate different 
objects over a wide range of scales with high accuracy and repeatability. These “rapid 
prototyping” capabilities provide cost-effective approaches that are shaping the future of 
manufacturing. 3D printing is expected to drive new innovations, initiating a decentralized 
industrial revolution, and to impact business by up to $550 billion per year by 2025 (Cohen et 
al., 2014). Benefits of 3D printing for engineering applications in the petroleum industry are 
already being realized. Flexible options for design and a variety of materials have supported 3D 
printing of drill-bits and tools such as a drill sleeve with built-in flow monitoring, a fine mesh in 
a downhole fluid analysis tool, a hydraulic line for subsea well stimulations (Jacobs, 2016).  
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Reduced costs of 3D printers, open-source software, and free access to digital model 
repositories are opening new avenues for many fields of research. Among these, geoscience is 
poised to use 3D printing to bridge the gap between computational and experimental analyses. 
Recognizing this opportunity, this paper provides an overview, limitations, and potential 
applications of 3D-printing technology, as applied to geoscience research and education as well 
as the petroleum industry.  
2.2 3D Printing Methods 
Similar to traditional laser- or inkjet “2D” printers, 3D printers construct images in layers 
(a form of additive manufacturing; Burns, 1993). While a 2D printer prints a single, very thin 
layer of ink, a 3D printer builds a stack of layers in one or more materials. Therefore, we use the 
term “printing” in the rest of the paper to represent “3D printing.” All 3D printing methods 
evolved from stereolithography (SLA) technology patented by C. Hull in 1986. In SLA, a digital 
3D geometry (e.g., Computer-Aided Design (CAD) file) is transformed into a physical object, 
layer-by-layer (Berman, 2012). Prior to 3D printing physical objects, digital models are “sliced” 
to create the layer templates. Printing specifications set by the user include the thickness of each 
slice, the vertical and horizontal dimensions, and the print speed. Printed objects often require 
post-processing, such as ultraviolet (UV) light curing or removal of support material (that holds 
the internal porous structure and external elements during printing to avoid deformation or 
damage of intricate designs). 
3D printing methods that use a layer-by-layer technique differ by power source, 
resolution, precision, accuracy, build volume, materials, and price (Table 1) and can be grouped 
as follows: (1) photopolymerization (SLA, Digital Light Processing (DLP)) that involves UV or 
light curing layers of the liquid material on a build platform; (2) extrusion (Fused Deposition 
7 
 
Modeling (FDM) and Fused Filament Fabrication (FFF), Inkjet (Material jet or Polyjet), Direct 
Ink Writing and Direct Laser Writing (DIW and DLW)) that jets a liquid or melted material 
through the print-head nozzle; (3) fusion (Selective Laser Sintering and Melting (SLS and SLM), 
Electron Beam Melting and Welding (EBM and EBW), Laser Engineered Net Shaping (LENS)) 
involving a laser energy source that fuses powder material to build fully dense objects; and (4) 
deposition (Laminated Object Manufacturing (LOM), Selective Deposition Lamination (SDL), 
Binder Jetting) that involves layering of the powder material cured by glue or lamination of solid 
layers cut by laser or tungsten blade to create surface roughness (Gibson et al., 2014). 
2.3 From Digital Models to 3D-printed Rock Proxies 
The convergence of 3D printing with methods that digitally capture the 3D structure of a 
rock on multiple scales has created new opportunities for geoscience research. Academic 
researchers and government agencies have been at the vanguard (Choi et al., 2011; Hasiuk et al., 
2015; Ishutov et al., 2015; Martinez et al., 2015; Osinga et al., 2015; Head and Vanorio, 2016; 
Jiang et al., 2016a; Watson et al., 2016; Hasiuk et al., 2017). A primary research focus is the 
reproduction of the internal structure of a rock (e.g., pore architecture, fractures) with controlled 
solid and surface properties for the purposes of experimentation (e.g., wettability). We refer to 
these reproductions as “rock proxies.” The scale of rock proxies can vary over the orders of 
magnitude: from nanometer-size features to the size of the 3D printer’s build volume. In 
addition, a combination of multiple proxies could produce larger-scale modules (e.g., 3D printing 
facies of a reservoir rock). Rock proxies are generated from digital models and provide a novel 
way to link numerical modeling and laboratory experiments (Figure 1). Digital models are 
commonly defined by multi-scale geoscience data (e.g., tomographic, microscopic, core, well 
logs, seismic, and outcrop data) which are then translated for printing via: (1) CAD files for 
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volume or shape generated models; (2) deterministic inputs (e.g., directly from tomography or 
microscopy); or (3) stochastic inputs (e.g., from pore sizes and distributions). 
Rock proxies can support the quantitative assessment of rock properties and processes 
such as fluid transport (e.g., porosity, permeability, wettability, migration), electrical response 
(e.g., resistivity), mechanical behavior (e.g., Young’s modulus, Poisson’s ratio), chemical 
interactions (e.g., reactive transport), and acoustic signatures (e.g., sonic velocity). The 
substitution of rock proxies for natural rock samples in laboratory experiments provides a way to 
repeat measurements with systematic changes in the rock texture or environment. Repetition of 
physical experiments (e.g., tomographic imaging of flow and transport in porous media) today is 
limited by the fact that they are routinely conducted in a destructive manner or on a small 
number of samples (Blunt et al., 2013; Bultreys et al., 2016) and can involve chemical reactions 
which trigger precipitation and dissolution inside pore space (Luquot et al., 2014; Menke et al., 
2016). Destructive testing has the limitation that comparative analysis of fluid behavior can only 
be performed if multiple near-identical rock samples are available; this is usually not the case 
because two rock samples are never identical, even for a homogeneous rock. 3D printing thus 
provides the opportunity to perform destructive testing on near-identical pore networks that are 
representative of the natural rocks. 
2.3.1 Capabilities and Limitations for 3D Printing of Rock Proxies 
Advanced applications of rock proxies require a close match between the natural rocks to 
be replicated and their 3D-printed proxies. Future research will need to minimize errors 
associated with printing, artifacts, and inaccurate geometries that may impact experimental 
results. We identify four primary challenges for 3D printing of rock proxies: (1) achieving 
appropriate imaging resolution for data capture; (2) achieving adequate precision and accuracy in 
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3D-printed proxies of intricate internal geometry in natural rocks, including pore throats (the 
smallest flow elements in the pore system); (3) developing materials that respond in a similar 
manner to rocks (e.g., chemical, geomechanical); and (4) developing multi-material and multi-
fluid 3D printing methods to represent a natural fluid-rock system. 
Image Resolution: Accurate replication of a natural rock depends on image resolution, 
image data processing, and the method and material used in 3D printing (Ishutov and Hasiuk, 
2014). The resolution of rock images continues to improve, with capabilities to capture very fine-
scale features of rocks, such as nanopores in shales (Nelson, 2009). However, analysis of digital 
rock models is challenged by two factors: (1) a given image pixel or voxel size may obscure the 
boundaries between rock features making edge identification difficult; and (2) file size and 
computational intensity increase with improved image resolution (Idowu et al., 2014). These 
limitations tend to drive the selection of small sample sizes that may be unrepresentative of rock 
properties at a larger scale, making it difficult to integrate plug- and core-scale rock properties 
with well log, seismic, and outcrop data (Andrä et al., 2013; Guice et al., 2014). 
Proxy Accuracy and Precision: The accuracy of a printed proxy is impacted by the 3D 
printing methods, materials used, printing parameters (e.g., layer thickness), post-processing 
methods (e.g., UV curing, glue impregnation, airflow), image resolution, dimensions of digital 
models, and the degree of scaling of the digital model to the 3D-printed object (Dimitrov et al., 
2006). The maximum precision and resolution depend on the mechanical processes associated 
with each 3D printing method. For example, in the extrusion method the resolution is determined 
by the precision of the print-head movement in the X-Y direction and the physico-chemical 
properties of the build material; in the photopolymerization method, the resolution is primarily 
controlled by the size of the laser spot or resolution of the light projector; and in fusion and 
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deposition methods, the resolution depends on the size of powder particles and their layering 
pattern on the build platform. Currently, the DIW and DLW methods provide the highest 
resolution, precision, and accuracy among all 3D printing methods (~1 micron for solid features; 
Table 1). However, no studies to our knowledge have yet validated individual grain or pore sizes 
at this resolution. To overcome resolution and accuracy challenges, the digitally captured rock 
fabric may need to be rescaled for a given experiment. Rescaling is an increase or a decrease in 
the digital model size to build a proxy according to the 3D printer’s resolution and, or build 
volume or to accommodate experimental conditions. This rescaling will impact measurements of 
rock properties (e.g., permeability) and will need to be factored into the interpretation of 
experimental results. Given recent progress improving 3D printing resolution and introduction of 
automated precision systems in 3D printers (Gao et al., 2015; Brommer et al., 2016; Duarte et al., 
2016), we anticipate that improvements in 3D-printing capabilities will achieve a closer 
representation of the true internal geometry of natural rock (on a sub-micron scale).  In addition, 
development of calibration or standard models is necessary for quantification of printing 
resolution and identification of artifacts. These models will allow us to determine how accurately 
a 3D-printed proxy reproduces a digital model in terms of geometry (e.g., size and surfaces) and 
properties (e.g., porosity and density). 
Material Properties: 3D printers can use a range of build materials (plastic, metals, resin, 
ceramics, mineral powder, paper, biomaterials). While no currently available material is capable 
of replicating all the relevant properties of natural rock simultaneously, different materials 
impact the resolution achievable in a rock proxy. At present, materials can be selected for a given 
model based on their suitability to be used to investigate an individual property separately (e.g., 
flow, electrical, acoustic, and mechanical). 
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The chemical properties of mineral powders (e.g., gypsum, silica, and calcite) used to 3D 
print rock proxies are close to natural rock, but the mechanical properties of proxies are often 
weaker (with Uniaxial Compressive Strength (UCS) < 3 MPa (435 psi); Farzadi et al., 2015; 
Fereshtenejad and Song, 2016) and have artifact porosity between powder particles. Moreover, 
these proxies require infiltrant (glue) impregnation in post-processing that can lead to erroneous 
microporosity values as measured via gas or mercury porosimetry. Gypsum material can be 
suitable for pore systems with large pore throats (>500 microns; Ishutov et al., 2016), which have 
a minimal risk of either becoming clogged by powder particles or trapping remaining infiltrant 
droplets. 
Plastic materials used in fusion or material jetting technologies can change the 
dimensions of 3D-printed proxies due to shrinkage or expansion. Some plastics (e.g., 
acrylonitrile butadiene styrene (ABS), polylactic acid (PLA)) have inadequate strength for 
destructive mechanical or core-flood experiments because they can break or flow at lower 
stresses (e.g., <40 MPa (5,800 psi); Jiang and Zhao, 2015). Differences in the flow properties 
between 3D-printed samples and the original rocks can also result from the clogging of the pore 
space by the residual plastic during or after printing. Thermoplastics can be used for studies of 
more homogeneous pore systems to avoid warping and deformation of solid objects and the 
associated changes in pore volumes. 
Metals are one of the stiffest 3D printing materials that can currently be used in studies of 
mechanical properties of rock proxies. While they offer potential for use in electrical and 
acoustic experiments, the prices of 3D printers that print metal are not yet at the commodity 
level. In addition, the resolution of these 3D printers (50 microns; Gao et al., 2015) is not yet 
high enough to 3D print porous rocks without rescaling. 
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Resin is an organic material with physical and chemical properties that can be adjusted by 
mixing different resin components, by adding pigments, and by varying post-processing 
procedures. The material supports fast 3D printing; for example, a core plug (one inch (2.54 cm) 
in diameter and two inches (5.08 cm) in length) can be printed in 4 hours. When hardened, the 
resin can reach a stiffness of ~86 MPa (12,500 psi) (Ju et al., 2014). The resolution (200 microns 
for the smallest feature; Head and Vanorio, 2016) of resin-based 3D printers is relatively high 
when compared to other methods used to reproduce the pore systems of homogeneous rocks 
(Table 1). The wettability of resin-based proxies can be altered by using a chemical polish, vapor 
deposition, or silanization (Martinez et al., 2015; Zhao et al., 2016). Clear materials can be used 
for the development of optically transparent devices to help real-time process imaging, especially 
in models with areas that are difficult to access by conventional polishing methods. 
3D Printer Methods.  Beyond the challenges of proxy precision, accuracy, and materials, 
3D printers still need further development to meet the specifications of rock proxies.  With the 
expiration of two key 3D printing patents in 2014 (Deckard, 1989; Bourell et al., 1990), 3D 
printers can now be designed in a broad range of configurations to achieve higher resolution, 
faster printing speed, and controlled physical and chemical properties of materials. For example, 
SLA and inkjet 3D printers can be used to manufacture features that are less than one micron in 
size by using new infrared laser polymerization (Vaezi et al., 2013; Skylar-Scott et al., 2016). 
The novel CLIP (continuous liquid interface production) method that uses oxygen at the bottom 
of the resin pool after each UV light pass resolves the issue of liquid material trapped in the 
voids of the 3D-printed object (Tumbleston et al., 2015). The interdrop or interparticle porosity 
in the 3D printing material can be reduced or even eliminated with adjustable drop shape in 
nanofluidic printers (Meister et al., 2009). These advances will enable more accurate 3D printing 
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of pore shapes, improving measurements of flow properties. In addition, future development of 
binder jet methods may involve an introduction of a binder that can change the wettability of 
powder grains during or after the 3D printing process, similar to methods of wettability control 
that are used in microfluidic devices (Gerami et al., 2016). Knowing contact angles between 
solid and liquid constituents in the 3D-printed proxy will help to predict relative permeability in 
multi-phase flow experiments. Multi-material 3D printers can be widely applied in 
manufacturing of natural rock proxies with heterogeneous textures. Multi-material printing 
requires a synthesis of two or more 3D printing methods, but the advantage is that physico-
chemical properties for each material can be designed independently (e.g., metal powder and 
alloy ink; Jakus et al., 2015). Another area of development for the majority of 3D printing 
methods is post-processing. More efficient ways to remove support material in inkjet, binder jet 
(powder-based), and photopolymerization 3D printers are needed to enable accurate printing of 
fine details and features, such as channels, specifically in microfluidic devices. Incomplete 
removal of such support material can result in erroneous experimental measurements. 
2.3.2 Fundamental Research, Education, and Applications 
The following section builds on recent advances for 3D printing of rock proxies to 
discuss how this approach can benefit geoscience research as well as broader applications for 
geoscience education and communication. We provide examples of how 3D printing helps in 
studying natural rock properties and processes associated with their changes at microscopic and 
macroscopic scales over geologic time. Recommendations on the improvement of existing 
methods of 3D printing proxies outlined in this section can also lead to generation of novel ideas 
for broadening the applications of 3D printing in the petroleum industry.  
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2.3.2.1 Microfluidics and Flow in Geological Systems 
“Microfluidics” is a set of technologies used in the fabrication of micro-devices for fluid 
analysis in the physical sciences (Gunda et al., 2011). The term has evolved to include all non-
trivial devices for fluid-flow experiments and flow phenomena that occur at micron scales 
(Whitesides and Stroock, 2001; Stone et al., 2004). The field has highlighted new physical 
phenomena at micrometer scales that are characteristically different from those at larger scales 
(Lenormand et al., 1988; Tabeling, 2005). Scaling laws are introduced when a system is reduced 
in size from macroscopic- to the microscopic scale. For instance, surface forces and volumetric 
forces, such as gravity, scale differently. Surface forces are important in fluid investigations, 
including wetting, adhesion, friction, and lubrication (e.g., coatings, biotechnology, super 
hydrophobic surfaces, and micro-electro-mechanical systems). In a rock, wetting and the 
boundary layers at the fluid-rock and fluid-fluid contacts strongly influence fluid flow over 
geologic and production timescales. Furthermore, chemical reactions (e.g., during diagenesis or 
fluid injection) increase the flow complexity by changing the interfacial forces. Large-scale, 3D-
printed fluidic systems (rock proxies), that mimic natural rocks and include micro-channel 
structures with tunable surface chemistry, can help to deepen our understanding of multi-scale 
flow (Figure 2).  
One of the first implementations of 3D printing in microfluidics (McDonald and 
Whitesides, 2002) used printed molds to create a polydimethylsiloxane replica of a 3D network 
of channels. Using this technique, Wu et al. (2003) created a chaotic advective mixer by 
generating braided and out of plane networks of 3D channels. These early 3D-printed devices 
had a surface roughness of several microns. This scale of roughness can reduce the integrity of 
seals between surfaces. However, consumer-grade SLA printers today can achieve a sub-micron 
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surface roughness (Comina et al., 2014). More recently, Bhargava et al. (2014) constructed a 
toolbox of 3D-printed, discrete microfluidic elements and interconnects for a modular 3D-
microfluidics platform. They constructed microfluidic circuits in which each discrete element 
had well catalogued properties and for which pressure-flow relationships were obtained by 
network analysis (as in an electrical circuit). Other examples of 3D-printed microfluidic devices 
include membranes (Femmer et al., 2014), devices with integrated valves (Rogers et al., 2015), 
scaffolds for tissue engineering (Hollister, 2005) and Li-ion microbatteries (Sun et al., 2013). 
In the petroleum industry, microfluidic devices (commonly referred to as micromodels) 
date back to the 1950s (e.g., Chatenever and Calhoun, 1952). They have been heavily used to 
investigate the displacement of oil by an immiscible fluid and other two-and three-phase flow 
phenomena. Micromodel studies have provided insights to percolative processes, relative 
permeability of water and oil, and the Saffman-Taylor instability (Saffman and Taylor, 1958), all 
of which affect oil recovery. While not technically micromodels, Hele-Shaw cells (Bischofberger 
et al., 2015) and packed glass beads still provide significant insight to fluid flow processes 
(Murison et al., 2014). The first micro-devices used in the petroleum industry were rudimentary, 
with simple pore structures fabricated in glass. The pore structures were generated either by 
etching or by adding repetitive elements such as small spheres (Karadimitriou and Hassanizadeh, 
2012). 
To achieve a closer 3D representation of natural rocks, Park et al. (2015) used SLA to 
create “2.5D” rock micromodels (in which the same 2D geometry is repeated in the third 
dimension). Song et al. (2014) developed methods to fabricate microfluidic channels in natural 
calcite to add more realistic surface physics to their micromodel similar to carbonate rocks. 
Similarly, Mugele et al. (2016) used oxidized silicon wafers with adsorbed nanoparticle clays to 
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fabricate micro-channels in an attempt to simulate the typical composition of a sandstone. They 
were able to tune the wettability of the micro-channels to gain insight to the fundamental aspects 
of low-salinity water flooding. In contrast, Zhao et al. (2016) used a photocurable polymer with 
soft imprint lithography to systematically alter the wettability of microfluidic samples and 
analyze fluid-fluid displacement efficiency as a function of wettability.  
Experiments have also been used to explore the feasibility of 3D printing to model soil 
macropore networks. Bacher et al. (2014) used X-ray computed tomography to digitize the 
macropore structure which was then 3D-printed using SLA in various polymeric materials. The 
morphologies of soil pore-network structures have been replicated at high resolution (tens of 
microns) to study fungal growth in soil microcosms (Otten et al., 2012) and the impact of micro-
heterogeneities on soil-water dynamics (Dal Ferro and Morari, 2015).  
Progress in microfluidic models combined with pore-scale imaging and 3D printing 
provide a foundation for future geoscience research. This research can advance flow experiments 
that are used typically to study physico-chemical interactions between fluids and rocks 
(McDougall and Mackay, 1998; Bultreys et al., 2016). In multi-phase flow studies, such as 
enhanced oil recovery or carbon capture and storage, the replication of wettabilities will be 
crucial (Ryazanov et al., 2014; Zhang et al., 2016a). A better understanding of fluid trapping and 
mobilization could be achieved through a priori knowledge of wettability distribution as defined 
in a model design. Similarly, the generation of rock proxies with realistic chemical properties can 
improve our insights into reactive transport processes. This could be accomplished by altering 
chemical composition at specific sites (e.g., replicated grain surfaces) in a rock proxy. 
3D printing can be also used to investigate the scaling relationships of flow processes 
(e.g., changes in permeability). Unknown pore-scale heterogeneity prevents comparisons of 
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results from pore-scale and Darcy-scale flow experiments on the same natural rock. With 3D 
printing, it is possible to make a rock proxy with known pore geometries (Figure 2). This can 
provide repeated models that are at or below the scale of the representative elementary volume. 
The combination of many such models can be used to construct a larger (and heterogeneous) 
model to improve and test rescaling methods for both chemically inert and reactive transport 
problems (Li et al., 2008). 
For advances in core-flood and reactive transport experiments, we envisage an integrated 
experimental design in which parts of the experimental rig are included in the rock proxy. 
Integration of a core holder and fluid inlet and outlet lines with the rock proxy would allow 
fluids to be introduced at various locations instead of just at the edges. This configuration would 
reduce edge effects, such as capillary end effects arising due to the differences between pore 
sizes in the core and the width of channels in the end piece platen or gaps due to the roughness of 
the end of the core. It would also enable the study of more complicated mixing scenarios, for 
example the injection of incompatible brines through multiple but distinct channels to ensure 
first mixing occurs in the porous medium rather than in the inlet lines. 
Embedded sensors in 3D-printed rock proxies would strengthen understanding of the 
chemical and physical processes and greatly improve the validation of numerical simulations. 
Leigh et al. (2012) demonstrated that sensors could be created and integrated with 3D printing to 
measure capacitance and flexure. Rock proxies could also be printed with in-situ fiber optic 
sensors (Maier et al., 2013) enabling parameters such as pressure, temperature or chemical 
composition to be monitored internally. Lin et al. (2016) demonstrated that smart microgels can 
be used as sensors to detect real-time chemical changes in microfluidic platforms. 
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Some 3D printing materials also offer a way to explore the impacts of physical properties 
on flow (e.g., due to microporosity in carbonate rocks with wide pore size distributions; Pak et 
al., 2016). Binder Jetting Powder Deposition (BJD) printers use fine powder (calcium 
hemisulfate, calcium polyphosphate, or hydroxyapatite) that is held together with an organic 
binder (Butscher et al., 2012). The 3D-printed solid, however, retains micropores between the 
individual powder grains. As such, the solid yet microporous printed powder can mimic micrite 
in carbonates and may support a method to systematically control the amount and distribution of 
micropores within a rock proxy. This approach is similar to the use of BJD 3D printers in 
bioengineering to generate synthetic porous bone tissue scaffolds (Pilliar et al., 2001; Farzadi et 
al., 2015). Representations of microporosity in rock proxies highlight an opportunity to study 
multi-scale interactions between macro-scale pore- and fracture- and microporous systems.  
Significant advances have been made to numerically model single- and multi-phase flow 
displacement processes through realistic pore geometries (Blunt, 2001; Blunt et al., 2013; 
Meakin and Tartakovsky, 2009; Joekar-Niasar et al., 2013).  However, there remains uncertainty 
when defining parameters for numerical simulations, for instance in relation to surface 
wettability and contact angles (Sorbie and Skauge, 2012). 3D printing experiments can help to 
validate the results of numerical simulations and more rigorously quantify displacement 
processes through joint interpretation of experimental and numerical results. 
Several of the approaches discussed above (e.g., embedded sensors, multi-scale 
experiments, and validation of numerical models) are applicable to experimentation in other 
geoscience disciplines (e.g., geomechanics, geophysics) that are discussed in the sections that 
follow. 
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2.3.2.2 Macroscopic Physical Rock Properties 
Macroscopic properties are defined by bulk measurements that represent a spatially 
averaged quantity beyond the microscopic scales of the pore dimensions. These properties 
include, but are not limited to, flow-, electrical- (resistivity), acoustic- (P and S wave velocities, 
sonic, ultrasonic), and magnetic- (e.g., Nuclear Magnetic Resonance (NMR)) properties. 
Electrical properties of the subsurface have been key for oil exploration since the inception of 
resistivity logging and the development of Archie’s empirical law to calculate water saturation in 
a sandstone (Archie, 1942). Therefore, the dielectric response of the mineral-fluid system in the 
porous matrix of rocks has been a subject of intense research. Acoustic properties of a 
Newtonian fluid imbibed in an elastic porous matrix can be described by Biot’s theory (Biot, 
1956). This formalism has been applied in several areas of geoscience, including the 
determination of fluid saturations in rocks (Murphy et al., 1986) and acoustic propagation in 
fractured rocks (White, 1975; Müller et al., 2010). Insight into these fluid and rock properties has 
helped to strengthen interpretations of acoustic logs (Cheng, et al., 1982). NMR has been applied 
via wireline logging (Akkurt et al., 2009) and laboratory measurements in core samples (Lonnes 
et al., 2003). Information from NMR measurements is useful to obtain physical and chemical 
properties such as porosity and fluid saturation (Timur, 1969) and viscosity (Nicot et al., 2007), 
and wettability (Freedman et al., 2003; Odusina et al., 2011). 
Models that relate rock and fluid properties (stress state and saturation state, fluid density, 
and viscosity) to the macro-scale properties (flow, electrical, acoustic, magnetism) are key for 
interpretations in the subsurface. For example, modeling the effects of fluid saturation on seismic 
velocity is used to ascertain the influence of pore fluids on acoustic signatures. Gassmann’s 
equations (Berryman, 1999), which are essentially the lower frequency limit of Biot's (1956) 
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more general equations of motion for poroelastic materials, are most widely used to calculate 
seismic velocity changes resulting from different fluid saturations in reservoirs. However, many 
of the basic assumptions in Gassmann’s equations are invalid for some common reservoir rocks 
and fluids (Han and Batzle, 2004). Laboratory experiments play a vital role in understanding the 
basic rules needed to inform both simulations and modeling. As much as we strive to achieve 
controlled conditions in laboratory experiments, it is extremely difficult to be complexly 
prescriptive for all of the possible responses of heterogeneous rocks and fluids. This level of 
complexity requires a different approach. 
With 3D-printed rock proxies, the experimental procedure can be improved substantially. 
The uncertainties in measuring density, porosity, and bulk modulus can be greatly reduced by the 
use of homogeneous materials with consistent compositions to avoid the complications that arise 
from multiple mineral constituents. By printing multiple copies of the same rock proxy, the 
effects of different fluid saturations on velocity can be isolated (Figure 3).  
Huang et al. (2014) used 3D printing to create 4% porosity models of rocks in ABS 
thermoplastic. They created fractured media proxies which increased the porosity by 20% and 
studied changes in ultrasound propagation in fractured and unfractured media that were air or 
water saturated. Head and Vanorio (2016) linked experimental diagenesis, multi-scale imaging 
techniques, and 3D-printed proxies of varying carbonate microstructures to study the evolution 
of bulk porosity and permeability. They were able to mimic the process of compaction and 
dissolution, producing porosity-permeability trends that were quantitatively distinct from each 
other. Such results allow researchers to determine which factors underpin the theoretical 
predictions of porosity-permeability evolution during diagenesis that have previously been 
derived using numerical pore-scale modelling (van der Land et al., 2013). These are only a few 
21 
 
of the exploratory efforts in the use of 3D printing to investigate macroscopic rock properties. 3D 
printing will continue to improve rapidly in utility and contribute to our ability to access delicate 
samples and to test the impact of microstructural alteration on bulk physical properties in the 
laboratory in a highly consistent, repeatable manner. The following section on multiphase flow 
discusses novel ideas that build on this emerging technology to implement new experimental 
approaches. 
The constitutive relations that define how multi-phase flow properties (e.g., the bulk 
porosity, permeability, capillary pressure, and relative permeabilities) change due to mineral 
precipitation (Zhang et al., 2016b), have not been validated experimentally. Constant salt 
precipitation during core-flood experiments makes it difficult to achieve the steady-state flow 
that is required to measure multi-phase flow properties. 3D printing will allow experiments to be 
paused and examined: the pore structure modified by salt precipitation can be imaged at discrete 
time points. Then each image can be printed separately and used to establish the capillary 
pressure and relative permeability curves. This unprecedented approach decouples the 
measurement of multi-phase flow properties from the continuous salt precipitation in a core-
flood experiment. The validated constitutive relations will have significant impacts on the 
prediction of formation damage caused by salt precipitation (Zhang and Liu, 2016).  
The dependence of permeability on effective stress is important for the petroleum 
industry, especially in natural gas recovery from tight shale reservoirs which can show high 
stress sensitivity. Zheng et al. (2015) developed a series of theoretical models for the relationship 
between permeability and effective stress based on the concept of the Two-Part Hooke’s Model 
(TPHM). The TPHM conceptualizes an intact rock into a hard part which corresponds to the rock 
matrix and a stress sensitive soft part which corresponds to the microcracks in the rock. The 
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model has been validated against experimental data on natural rock samples. The volume ratio of 
the two parts is used as a tuning parameter to fit experimental data, but cannot be isolated in 
natural rocks. With 3D printing, the volume and distribution of micro-cracks can be precisely 
controlled and used to quantify the impact of the volume ratio on stress-dependent permeability. 
Instead of being a tunable parameter, the volume ratio would then be a known value. 
Experiments with systematically designed rock proxies can be used to test whether the TPHM 
provides an appropriate model to explain the observed stress-permeability trends.   
2.3.2.3 Geomechanics 
3D printing can be used to substitute rock proxies in experimental analysis of rock 
deformation and failure. A key advantage is the ability to control rock textures and the 
generation of near-identical samples with homogeneous properties so that experiments can be 
repeated with the same “rock” while systematically changing the experimental conditions. 3D 
printing also enables the systematic inclusion of various heterogeneities, such as microcracks, 
stylolites, joints, and vugs across multiple, near-identical test specimens. By knowing and 
controlling inter-sample variability in terms of porosity, fracture networks, grain size 
distribution, and density distribution, 3D printing of geomaterials provides a valuable tool to 
validate numerical models, develop scaling laws and constitutive relationships, quantify the 
degree of influence of pore geometry, fracture network characteristics, and structural 
heterogeneity on macroscopic properties (Figure 4). This also becomes critical for understanding 
the impact of deformation on fundamental fluid-flow processes such as relative permeability or 
capillary pressure and enables a new generation of reservoir-geomechanical experiments to be 
designed for validating coupled processes embedded in simulation models. 
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Reports of geomechanical experiments based on 3D-printed rock or soil proxies are 
growing in the literature. Jiang and Zhao (2015) used PLA and FDM to produce test specimens 
for preliminary compressive shear and tensile strength experiments. The study highlighted the 
limitations of PLA as a material for experimentation, demonstrated the influence of 3D-printed 
structure specimen response and identified the need to use a more suitable rock-like material for 
printing. Jiang et al (2016a) utilized both PLA and FDM and powder-binder systems to print 
specimens as substitutes for natural rock specimens in experimental deformation studies. These 
experiments confirmed the inapplicability of PLA for producing rock-like specimens and 
highlighted that the compressive strengths of powder-binder printed specimens of less than 10 
MPa (1,500 psi) are below those of most rocks. Osinga et al. (2015) printed directly with sand 
(D50, 50% pass particle size of 148 μm) using BJD and reported compressive strengths 
approaching 20 MPa (2,900 psi) and a cemented grain structure that reflects natural sandstone 
(Figure 4). In a preliminary effort to visualize the internal structure and stress distribution of 
rocks, Ju et al. (2014) describe methods to capture fracture geometries in natural coal rock and 
the stress concentrations associated with them. By “freezing” rock stresses and using 
photoelastic effects they were able to visualize stress concentrations and local stress gradients 
around discrete fractures during mechanical testing and compare these images with numerical 
solutions. Jiang et al. (2016b) pursued a method to model the surfaces of natural joints as a way 
to reduce experimental errors originating from the use of natural samples in shear tests. In their 
study of soil mechanical behavior, Matsumura and Muzutani (2015) used X-ray CT scans of 
gravel to print replicas and compare their mechanical responses with those of natural samples. 
While there were differences in the mechanical responses between natural (stiffer) and replicated 
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samples, modifications to the replicas provided a demonstration of the way that particle 
arrangements impact load-displacement curves. 
The details of the 3D printing process also make a difference to the properties of the 
systems: in printing the porosity structure of natural bone, Farzadi et al. (2015) found that delay 
times (50 to 500 ms) between printing each layer introduced differences in compressive strength, 
toughness and tangent modulus as well as higher dimensional accuracy. While exploring the 
impact of layer orientation on sample strength for the purposes of optimizing bone strength, 
Vlasea et al. (2015) found the weakest orientations for compressive strength to result from 
layering perpendicular to, or at 45o to the compression direction, while layering parallel to the 
compression direction created the strongest samples. The same approach could be used to control 
the strength of samples relative to the maximum loading direction in deformation experiments on 
textured rock proxies. Phase composition and macroporosity were found to be more influential 
than pore geometries on the strength of calcium phosphate scaffolds used as bone substitutes 
(Schumacher et al., 2010). New techniques, such as topological optimization in tissue 
engineering to meet design requirements (e.g., stiffness), offer further ways to condition material 
properties by ensuring that tissue scaffold stiffness remains the same until porosity reaches a 
certain value (Almeida and Bartolo, 2010). Nevertheless, as yet, there are no standards for 
mechanical testing of 3D-printed materials which, in particular, require careful consideration of 
anisotropy in mechanical properties introduced as the result of most 3D printing methods 
(Roberson et al., 2015).  
Clearly, further advances in 3D printing for geomechanics will require an expanded 
research effort to create materials and textures suitable to represent different rock types and 
minerals. Improvements in printing resolution can support the inclusion of specific flaws and 
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heterogeneities in a rock proxy for investigations of geologic controls on strain localization. 
Similar methods have been used to design populations of fractures within a rock proxy. With this 
approach, we envisage experiments that measure variations in acoustic properties with increasing 
complexity of fracture arrays and networks that might be designed in discrete fracture network 
models (Huang et al., 2014). In addition to printing multi-phase or multi-material models, new 
materials will need to be able to withstand subsurface conditions for high temperature and 
pressure experiments. Developments in biomedical fields also point to more sophisticated 
possibilities for experimentation: 3D printing of bone scaffolds is beginning to incorporate 
controlled chemistry and interconnected porosity, and capabilities for site-specific growth factor 
and drug delivery (Bose et al., 2013). With these advances, future rock deformation experiments 
might include controls on fluid content location and chemistry to investigate coupled 
deformation and reactive transport as well as embedment of sensors (similar to examples 
discussed for fluid flow studies above) directly within the test specimens. 3D printing of rock 
proxies can serve as the foundation for the next generation of experimental investigations of 
multi-scale, multi-physics reservoir geomechanical processes. Explicit control over the 
heterogeneous nature of test specimens will help to reduce uncertainties regarding the delineation 
of geological features over a wide range of length scales, to represent these features 
appropriately in reservoir geomechanical simulations, and to quantify the impact of deformations 
on flow, as well as their impacts on evolving multi-phase fluid distributions. In summary, with 
suitable technological advances in hardware and materials, 3D printing has significant potential 
to deliver new fundamental knowledge in geomechanics. 
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2.3.2.4 Geomorphology and Paleontology 
3D printing can be used to generate rescaled representations of the Earth’s surface, 
subsurface morphologies, and relief on planetary bodies. 3D-printed geomorphic representations 
complement computer-generated models and provide important tools for communication, 
teaching, and scientific research (Peterson et al., 2015; Hasiuk et al., 2017). While geoscientists 
have strived to perform their work in the digital realm, considerable value still resides in the 
physical representation of geologic systems. Previously, translation of digital data (such as 
Digital Elevation Models (DEMs)) into physical models was achieved through molding and 
sculpting, limiting the level of detail and materials employed and requiring significant labor. 
Initially, 3D printing was identified as a tool to generate the molds for raised relief maps (Ahmed 
et al., 2005; Higgins, 2010). Today, 3D printing offers a rapid method to generate physical 
objects from digital files, enabling easier visual inspection and the use of a wider range of 
materials (Horowitz and Schultz, 2014). Hasiuk et al. (2017) document the development of a 
direct digital manufacturing platform that simplifies the process of generating 3D-printable 
terrain models to selecting a polygon in a web browser’s map. 
Initiatives to combine 3D printing with other technologies have realized further advances. 
The potential to link spatial analysis tools such as ArcGIS™ (ESRI software) to 3D printing can 
serve to integrate multi-disciplinary geologic information accurately on printed surfaces (e.g., 
superimposing RADAR, SONAR, and satellite imagery). The feasibility of this approach has 
already been demonstrated in the context of urban planning (Ghawana and Zlatanova, 2013). In 
the development of a collaborative land navigation system, Li et al. (2014) combined augmented 
reality with 3D printing to facilitate interactions between an explorer and a remote overseer.  
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3D printing of morphologies also has value to geoscience research. In the experiments of 
rock-breakdown processes (weathering and erosion of rock masses that form sedimentary 
debris), Bourke et al. (2008) used 3D printing to replicate the morphology of rock blocks for 
testing under various environmental conditions. Although the experiments were limited to 
morphology and did not replicate the internal structure or residual stresses, they generated new 
insights to the persistence of fluvial features subject to weathering (Figure 5). In another 
example, DEMs of gravel-bed morphologies were captured through water and air to define 3D-
printed models of river beds as substrates in hydraulic experiments (Bertin et al., 2014). This 
study showed that the 3D-printed model provided a dense and accurate set of check-point data 
that could be used to assess the quality of the DEMs (as opposed to lower precision survey check 
points). 
Description, classification, and preservation of paleontological specimens has also 
benefited from 3D printing. In a study of the remains of a dwarf elephant, Mitsopoulou et al. 
(2015), scanned the original bones via laser to capture the surface morphology and combined 
them in 3D-printed proxies. 3D-printed microfossils developed from tomographic imaging 
combined with 3D-PDFs have now supported an improved taxonomy (Mahmood et al., 2014). 
Balanoff and Rowe (2007) used tomographic scanning to digitally extract and 3D print the 
embryonic skeleton of an elephant bird egg without breaking the eggshell. Paleoichnological 
research has also benefited from the ability of 3D printers to enlarge natural objects (Hasiotis et 
al., 2011). Such approaches create an opportunity to compare and study morphologies without 
risk to the original specimen. 3D printing will facilitate the democratization of access to research 
collections by allowing non-experts to interact with high-quality specimens, either digital or 3D-
printed, without a trip to a distant museum or specialized training. For example, the British 
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Geological Survey is overseeing the 3D scanning of all type fossils in British collections for 
distribution through the GB3D website (www.3d-fossils.ac.uk). Overall, the ability of 3D 
printing to accurately duplicate geologic morphologies is opening up new associations between 
physical models, digital data, and tools that support the communication of integrated 
information, rigorous quantification for research, and fast, complete archiving. 
2.3.2.5 Education and Communications 
It is natural that geoscientists, who work regularly with 3D data, might embrace 3D 
printing to communicate their interpretations to other geoscientists, students, stakeholders, and 
the broader public (Hasiuk, 2014). For those who are not used to thinking spatially, 3D-printed 
models are easier to understand than a 2D representation (such as a map) because physical 
models are less of an abstraction. Printed models preserve the 3D nature of the original data 
(including the internal structure) rather than relying on other features (e.g., contour lines, map 
symbols) to convey the third dimension. As shown in Figure 6, geoscientists have used 3D 
printing to make terrain models (e.g., Horowitz and Schultz, 2014; Hasiuk et al., 2017), fossil 
specimens (e.g., Hasiotis et al., 2011; Rahman et al., 2012; Mahmood et al., 2014), 
crystallographic models (Casas and Estop, 2015), geological structures (Reyes et al., 2008), and 
pore networks (Otten et al., 2012; Ishutov et al., 2015). Models printed in plastic are often more 
rugged than plaster or wooden counterparts. While 3D topographic maps have existed for 
decades, they are typically only available for charismatic locales (e.g., the Grand Canyon, USA). 
Now educators can print any terrain for which elevation data exist (Hasiuk et al., 2017). In 
addition, the generation of libraries of physical objects makes areas of geoscience more 
accessible to people in general, including the visually handicapped. The promise of 3D printing 
for educational purposes has been recently reinforced by energy industry sponsorship of the Fab 
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Foundation (fabfoundation.org) to open 3D printing laboratories (Fab Labs) across the United 
States of America.  
In addition to education, 3D printing has value for the communication of geoscience to 
generalist audiences, for example to convey changes associated with urban development and 
environmental policies, to support legal arguments, and to provide general knowledge of natural 
heritage in national parks. In museums, the “third wave industrial revolution” is supporting the 
replication and restoration of artifacts that facilitates sharing exhibits among archiving 
institutions (Short, 2015). 3D printing has been used in the restoration of museum collections. 
Scanning of preserved fossils and modeling of missing parts enabled the University of Michigan 
Museum of Paleontology to assemble a mastodon skeleton for display (Fisher et al., 2012). A 
missing femur was replicated by 3D scanning, digital mirroring, and printing the opposite femur. 
Similarly, the Smithsonian National Museum of Natural History 3D-scanned an entire fossil of a 
whale skeleton in Chile for 3D printing in the USA. The digital model was used to reduce the 
size of the skeleton so it would fit in the exhibit space (Reese, 2014; Byers and Woo, 2015).  
A recent Italian initiative illustrates the value of 3D printing for communicating geology 
to industry stakeholders (DeFilippis et al., 2015). The project involves 3D printing reservoir 
models created from seismic and well data, representing colored rock layers and faults that help 
to make geological concepts and data more accessible (DeFilippis et al., 2015). Such approaches 
support collaborations among colleagues from diverse disciplines: a geologist and engineer can 
plan well placements based on reservoir geometry and local topography using the same 3D-
printed proxy that complements digital geological data; a manager can use the same model to 
discuss developments with local governments and communities. Reducing the cognitive burden 
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of understanding 3D concepts will facilitate more efficient communication and will reduce errors 
or misunderstandings. 
2.3.2.6 Development of Central Facilities 
3D printers enable low-volume production and mass-customization in an economical 
manner. Obtaining access to a low-cost 3D printer is straightforward but rarely will it 
automatically meet the specific needs for scientific research or commercial objectives. Advanced 
3D printers that can handle large volume- (meter- or foot-scale), multi-material- or extremely 
high resolution prints are commonly beyond the budgets of potential users (well over $100,000; 
Table 1). A leasing option can be more cost-effective than a full purchase given the rapid 
evolutions in 3D printing technology. Laboratory space, however, would still be needed. Central 
(or mobile) facilities for 3D printing minimize upfront investment for low-volume users and can 
provide access to the latest equipment and materials, support co-developments, and handle 
printing requests submitted online.  
3D printers have been accessible via community- or university libraries for several years 
(Britton, 2012; Free, 2012; Scalfani and Sahib, 2013; Colegrove, 2014). Dedicated 3D printing 
facilities are also established and growing in several US universities and government laboratories 
(Fidan and Ghani, 2007; Choi et al., 2011; Budig et al., 2013; Raviv et al., 2014; Tibbits et al., 
2014; Torrado Perez et al., 2014; Bechtold, 2015). Sandia National Laboratories offer rapid 
prototyping services for small businesses as part of America Makes, the US national business 
accelerator for additive manufacturing. A similar public-private partnership underpins rapid 
prototyping services via China’s National Laboratories for 3D Printing (Simon, 2015). As of 
2015, there were over twenty online platforms to support 3D printing services in a digital market 
place (e.g., Lan, 2009; Rayna et al., 2015; Tapley et el., 2016).  
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In the context of geoscience research and education, centralized 3D printing facilities and 
exchanges within their user communities are likely to accelerate the development of specialized 
methods for 3D printing of geologic geometries and textures. Those who have considered 
printing their “reservoir” (Agar et al., 2013; Ishutov and Hasiuk, 2014) might eventually submit 
geocellular models online to a facility that not only prints reservoir models to a specified scale 
but also runs scientific experiments on large models in the same location. In addition, cloud 
computing services could numerically simulate properties of the digital model online. Williams 
(2013) recognized the opportunity to generate shared file collections so that educators could print 
samples locally or remotely for use with courses, citing their variably scaled models of the 
Mariana Trench and San Andreas Fault as part of a tectonic plate boundary collection. The 
National Institutes of Health “3D Print Exchange” provides an example of how such digital 
collections might work (3dprint.nih.gov) through an interactive website for sharing biomedical 
3D-print files and modeling tutorials and educational material.  
The potential to disrupt manufacturing sites and supply chains with new and relocatable 
3D printing “factories” is widely recognized (Waller and Fawcett, 2014). With this shift, come 
numerous concerns related to intellectual property that have spawned new business models. 
Some 3D printing companies have adopted a selectively open innovation strategy by which user-
generated content complements proprietary hardware and software (West and Kuk, 2016). 
However, the petroleum industry is still in the early stages of developing systems to protect 3D 
printing intellectual property while supporting collaboration and innovation (Eldred and 
Basiliere, 2015). Whether so-called direct digital manufacturing (DDM) actually disrupts rather 
than complements the manufacturing economy has yet to be seen (Sasson and Johnson, 2016), 
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but the opportunities for co-creation between inventors and 3D printing centers or firms is 
already changing paths to innovation (Rayna et al., 2015). 
A central facility would ensure high-quality research instrumentation for 3D printing. If it 
encompassed the multiplicity of 3D printing methods and materials (Pham and Gault, 1998), it 
would not only be extremely expensive but also require an abundance of support personnel. 
More feasible would be a facility that generates proxies at a specific scale (overall dimension of 
the 3D-printed model) and resolution (smallest observable feature). For the petroleum industry, 
such a facility might initially aim for the core-plug scale with pore-scale resolution. Future 
developments could move to larger scales (e.g., whole core, mini-reservoir) and, or higher 
resolutions and a wider range of materials.  
Centralized facilities could support the 3D printing of large (tens of meters or hundreds of 
feet) artificial reservoir models as a means to interrogate the near-wellbore environment. The 
“reservoir print” could be manufactured with and without a wellbore to test the effects of drilling 
on subsequent well performance, the use of completion tools and logging tool responses. Again, 
sensors could be embedded into a large model as it is 3D-printed for internal monitoring. It 
might be possible for such large models to calibrate seismic responses to known reservoir 
architecture. The construction of multi-scale geologic features over seven or more orders of 
magnitude clearly presents a challenge. However, the feasibility of large model development is 
supported by the fact that 3D printers are capable of printing house-size structures (Kenney, 
2016) by using cementitious materials, fiber-reinforced plastic, and glass fiber-reinforced 
gypsum as feedstock (Sevenson, 2015).  
A centralized facility for printing rock proxies should also have the capability to verify 
the accuracy of 3D-printed objects. Just as standards for mechanical testing were discussed 
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above, a repository could serve to establish standards for collecting and reporting metadata from 
all the steps in 3D model making and printing. A repository of examples with different 3D 
printing capabilities could be used to coordinate inter-laboratory comparisons of 3D printing 
accuracy and precision. 
2.4 Conclusions 
Based on our direct experience and the examples discussed above, 3D printing is 
positioned for an expanded role in geoscience research and education as well as more broadly in 
the petroleum industry. Building on early progress that can now translate digital rock models into 
rock proxies, 3D printing methods have the potential to support diverse investigations of 
properties and processes in rock proxies over multiple scales. These methods could be used to 
complement and validate numerical simulations. Currently 3D printing of rock proxies is limited 
by several factors, particularly the precision achievable for internal geometries as well as a lack 
of suitable materials for rock replication. Nevertheless, cost reductions in hardware are making 
high-resolution and multi-material 3D printers more readily accessible, supporting an expanded 
community of geoscience experimentalists in 3D printing. Potential and growing areas of 
applications for research include multi-phase fluid flow, reactive transport, geomechanical 
behaviors, and physical rock properties. Large, multi-disciplinary experiments might also be 
supported at scales suitable for near-wellbore or reservoir flow unit investigations. Beyond 
geoscience research, 3D printing complements digital visualization for the communication of 
concepts and ideas whether these are in the context of education, community, or industry. A 3D 
printing future for the geosciences is likely to be strengthened by a growing number of central 
facilities. These facilities would not only provide 3D printing services, but also support the 
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development of open repositories of digital models and standards for verification of proxy 
accuracy and precision while stimulating multi-disciplinary connections around geoscience. 
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Figure 1. Selected examples of published studies using 3D-printed rock proxies generated from 
digital models. (A) Matsumura and Mizutani (2015) 3D-printed gravel material to evaluate the 
mechanical behavior of soil structures. Shown are X-ray micro-CT scan sections and images 
representing natural and 3D-printed gravel. Reproduced with permission from S. Matsumura 
(Port and Airport Research Institute, Japan; February 13, 2017). (B) Dal Ferro and Morari (2015) 
used 3D printing to represent large undisturbed soil cores. 3D representations shown are of X-ray 
micro-CT scans and images of the associated 3D-printed soil core. Reproduced with permission 
from Soil Science Society of America conveyed through Copyright Clearance Center. (C) 
Similarly, Otten et al. (2012) employed X-ray micro-tomography imaging to generate a range of 
3D-printed soil replicas to study soil-fungal relationships. Reproduced with permission from 
Pergamon conveyed through Copyright Clearance Center. (D) Jiang and Zhao (2015) generated 
3D-printed rock proxies from CAD models to study a mechanical behavior of 3D-printed rock 
proxies. Reproduced with permission from Springer conveyed through Copyright Clearance 
Center. W – width; D – diameter.   
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Figure 2. Selected examples of published studies using 3D-printed devices and rock proxies for 
microfluidic and flow phenomena. (A) Yazdi et al. (2016) and (B) Bonyar et al. (2010) both 
show examples of translucent microfluidic devices designed for fluid mixing and 
homogenization for visualizing sample and reagent interactions. V1 and V2 are Valve 1 and 
Valve 2, respectively. Reproduced with permission from Springer (Yazdi et al., 2016) and 
Elsevier (Bonyar et al., 2010) conveyed through Copyright Clearance Center. (C) Watson et al. 
(2016) demonstrated the utility of translucent 3D-printed microfluidic devices for comparison of 
flow and transport experiments with direct numerical simulations. (D) This is an example of a 
3D digital representation of a natural sandstone core plug (left) and the 3D-printed rock proxy 
used in core flood experiments (right) at the Aramco Research Center in Houston. L – length. 
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Figure 3.  Workflow for comparison of macroscopic rock properties to digital models and 3D-
printed rock proxy properties.  Macroscopic properties are defined by bulk measurements that 
represent a spatially averaged quantity beyond the microscopic scale and include but are not 
limited to flow-, electrical- (resistivity), acoustic- (P and S wave velocities, sonic, ultrasonic), 
and magnetic- (e.g., Nuclear Magnetic Resonance (NMR)) properties. Examples provided are 
from a 1.50-inch (3.81-cm) diameter core plug (A) on which rock properties are measured. The 
physical sample is then scanned and a computed tomography digital model (B) is generated and 
a rendering of the rock matrix (C) is obtained. The digital matrix model is then used as input for 
3D printing a rock proxy (D) and the printed rock properties are measured. In parallel, digital 
models are also used to compute rock properties, such as permeability. (E) Finally, the natural 
rock properties, the 3D-printed rock properties and the computed rock properties are compared. 
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Figure 4. Applications of 3D printing to geomechanical experiments. (A) Osinga et al. (2015) 
manufactured proxies for uniaxial compression testing using a sand-binding 3D printer. 
Reproduced with permission from American Rock Mechanics Association conveyed through 
Copyright Clearance Center. (B) Ju et al. (2014) used 3D printing to visualize fracture 
geometries and associated stress concentrations in naturally occurring coal. Reproduced with 
permission from Springer conveyed through Copyright Clearance Center. (C) Fereshtenejad and 
Song (2016) tested uniaxial mechanical strength of rock proxies printed in gypsum powder. 
Reproduced with permission from Springer conveyed through Copyright Clearance Center. (D) 
Vlasea et al. (2015) explored the impact of layer orientation relative to compression direction on 
sample strength. Reproduced with permission from Elsevier conveyed through Copyright 
Clearance Center. W – width; D – diameter; H - height. 
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Figure 5. Examples of 3D printing applications in geomorphology and paleontology. (A) Bourke 
et al. (2008) generated a 3D-printed rock proxy from a CAD model of a vesicular basalt clast for 
use in rock-breakdown experiments. Reproduced with permission from John Wiley and Sons 
Ltd. conveyed through Copyright Clearance Center. Horowitz and Schulz (2014) used 3D 
printing to demonstrate geomorphic features on Mars, including (B) a 3D print of the Gale Crater 
generated from a colored topographic map and (C) several 3D models of Mars with different 
vertical exaggerations. Reproduced with permission from Geological Society of America 
conveyed through Copyright Clearance Center. (D) Byers and Woo (2015) discussed the use of 
3D printing of paleontological samples from the Smithsonian digital fossil dataset. Reproduced 
with permission from American Association of Petroleum Geologists and Society of Exploration 
Geophysicists conveyed through Copyright Clearance Center. (E) Barco et al. (2010) established 
3D printing as a viable technique for preservation and display of macrofossils; an example digital 
model and representative 3D print are shown. Reproduced with permission of M. Parkes from 
Geological Curator (Natural History Museum, Dublin, Ireland; February 19, 2017). 
61 
 
   
 
 
Figure 6. Examples of 3D printing applications in education and communication. (A) Ghawana 
and Zlatanova (2013) review 3D printing applications for urban planning, with public 
participation in planning using a 3D-printed terrain model shown. Reproduced with permission 
from Taylor & Francis, United Kingdom. (B) shows a 3D-printed seismic volume as a way to 
visually enhance spatial perspective (Reyes et al., 2008). Reproduced with permission from 
Geological Society of America conveyed through Copyright Clearance Center. (C) Hasiuk and 
Harding (2016) discuss the use of 3D printing digital terrain models for use in teaching. Shown 
is an example workflow for printing the Grand Canyon. Reproduced with permission from 
Blackwell Publishing conveyed through Copyright Clearance Center. (D) Casas and Estop 
(2015) used 3D-printed dissection models for teaching crystallographic concepts. Reproduced 
with permission from American Chemical Society conveyed through Copyright Clearance 
Center. 
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Table 1. Overview of 3D printing methods and specifications. Compiled from Pham and Gault, 1998; Camisa et al., 2014; Gao et al., 
2015. SLA – stereolithography; DLP – digital light processing; FDM – fused depositional modeling; FFF – fused filament fabrication; 
DIW/DLW – direct ink/laser writing: SLS – selective laser sintering; SLM – selective laser melting; EBM/EBW – electron beam 
melting/welding; LENS – laser engineered net shaping; LOM – laminated object manufacturing; SDL – selective deposition 
lamination. 
 
 
Method/ 
Technology 
Material Power 
source 
Resolution 
(XY/Z) ± 
Accuracy, 
microns 
Maximum 
proxy 
dimensions, 
mm3 
Cost, 
US$x1,000 
Applications in     
    geosciences 
 Capabilities  Limitations 
Poly-
merization 
SLA,  
DLP 
Ceramics 
(alumina, 
zirconia), 
polymers,  
resins 
Ultraviolet 
laser light 
75/25±50 500x500x600 3-700 • Geomechanics 
(fracture studies) 
• Flow experiments on 
sandstones and 
macroporous 
carbonates 
• Geomorphology 
• High building speed 
• Minimal to absent 
material 
microporosity 
• Shrinkage under 
direct light 
• Deformation 
under high 
pressure and 
temperature 
Extrusion 
FDM,  
FFF,  
Inkjet/ 
Polyjet 
 
DIW/ 
DLW 
Plastics,  
ceramic  
slurries,  
metal pastes,  
wax 
Thermal 
energy 
150/25±20 500x500x500 0.5-200 • Geomorphology 
• Flow experiments on 
sandstones and 
macroporous 
carbonates 
• High building speed 
• Multi-material 
printing 
 
 
• Poor surface 
quality 
• Shrinkage and 
warping of 
proxies 
Colloidal gels, 
suspensions, 
polymer melts, 
waxes, 
concentrated 
polyelectrolyte 
complexes 
Thermal 
energy; 
laser 
1/0.15±0.5 85x50x25 40-3,000 • Flow experiments on 
microporous 
carbonates 
• Microfluidic studies 
• Microfracture studies 
• Highest resolution 
• Absence of material 
microporosity 
• Fastest build time 
• Highest cost of 
3D printers and 
supplies 
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Table 1. (Continued) 
Fusion 
SLS 
 
 
 
 
SLM 
 
 
 
 
EBM/EBW 
 
 
 
LENS 
Polymers, 
metals, 
 ceramics 
High- 
powered 
laser 
150/50±50 330x380x425 200-750 • Scaled reservoir 
models built from 
seismic and well data 
 
• High strength/ 
stiffness of 3D-
printed models 
• High accuracy 
• Powder recycling 
 
• Material 
microporosity 
• Support material 
clogged in 
micropores 
Metal  
(stainless steel, 
Co, Cr, Ti)  
and ceramic 
powders 
 
 
200/100±100 350x350x400 250-400 • Testing acoustic and 
electric properties of 
deterministic reservoir 
rock models  
 
• 3D-printed models 
have high stiffness 
and strength 
•  
 
• High cost of 3D 
printers and 
supplies 
Electron 
beam 
100/100±100 200x200x100 130-1,500 • Pore scale flow 
experiments 
• 3D-printed models 
have high stiffness 
and strength 
 
• High cost of 3D 
printers and 
supplies 
Molten metal 
powder 
Laser 25/100±10 91x91x152 200-1,700 • Flow experiments on 
sandstones 
macroporous 
carbonates 
• Rock physics 
experiments 
• Functionally graded 
material printing 
• High accuracy  
 
• Costly repair of 
damaged and 
worn parts 
• Requires post-
processing 
Deposition 
 
LOM, 
SDL 
 
 
 
Binder  
Jetting 
Plastic film, 
metallic sheet, 
ceramic tape, 
paper,  
polymer 
Laser, 
Tungsten 
blade 
10/100±200 800x550x500 12-150 • Geomorphology 
 
• High surface finish 
• Low costs for 
supplies 
 
• Low accuracy of 
internal 
structures 
• Inability to 
manufacture 
porous proxies 
Powder 
 (silica, plaster, 
ceramic, metal) 
Thermal 
energy 
100/50±50 350x350x450 70-700 • Scaled reservoir 
models built from 
seismic and well data 
• Geomechanics 
(fracture studies) 
• Geomorphology 
• Color printing 
Wide material 
selection 
• Requires glue 
post-processing 
• Powder material 
microporosity 
and pore 
clogging 
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Abstract 
Pore-scale imaging and modeling are becoming routine geoscience techniques for 
reservoir analysis and simulation in the oil and gas industry. The foundation of these techniques 
is developing sophisticated three-dimensional models that can represent both the multiphase flow 
dynamics and the geometry of the reservoir rock pore systems. Three-dimensional printing is a 
novel technique that may become an additional tool for transforming digital pore models into 
tangible rock samples that can be analyzed using traditional laboratory methods and compared 
with petrophysical measurements of conventional core analysis. Although the challenge of 
digital core analysis is integrating data with different resolutions (from nanometer in microscopy 
images to centimeter in well logs), X-ray-computed microtomography is one route for building 
accurate digital porosity models that can be used to estimate porosity and permeability. 
Combining computed microtomography data from reservoir rocks and 3D printing offers the 
potential to enhance understanding of reservoir rock pore topology and geometry. With the 
ability to replicate pore systems at various scales and manipulate their petrophysical properties, 
better experiments can be designed to test strategies for increasing recovery. 
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3.1 Integrated Approach 
The workflow for manufacturing a 3D-printed porosity model from a reservoir rock 
includes integrating high-resolution X-ray-computed microtomography (µCT) imagery and 
digital 3D rock modeling to characterize heterogeneity, pore classes, and porosity types at 
different scales. µCT allows one to visualize the 3D volume and the distribution of pore spaces 
and grain matrix in reservoir rock samples (Figure 1). 
Pore network modeling is based on extracting porosity and rock matrix from µCT 
images, where quantifying porosity and permeability from digital pore volumes can help analyze 
changes in the fluid transport properties of reservoir rocks. Nonetheless, the validity of digital 
models depends on the equations and parameters used for modeling, whereas porosity and 
permeability estimations based on digital porosity models do not always match conventional 
laboratory measurements because of discrepancies between the statistics and algorithms that 
attempt to model the natural heterogeneity and complexity of reservoir rocks. 
The pore structure in sandstones is controlled dominantly by the distribution of 
depositional textures, but the propensity for diagenetic alteration in carbonates often results in 
multiple interconnected pore types. Thus, it tends to be relatively easier to extract pore networks 
from µCT imagery of sandstones than of carbonates. 
The pore system of sandstone samples is digitally modeled by a 3D network of pore 
bodies interconnected by pore throats. This network reconstruction allows one to preserve the 
topology effects such as connectivity, tortuosity, and aspect ratio. To better visualize 
heterogeneous carbonate pore systems, either a finer image resolution or upscaling of porosity is 
required. Pore sizes of typical reservoir sandstone range from 0.1 to 100s of microns. For 
carbonate rocks, the pore sizes range from nanometers to centimeters (ignoring caverns). 
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The resolution of µCT imaging and 3D printing may lose information on pore geometry 
in the course of data acquisition, modeling, and production at the original sample scale. 
However, the increase in scale of the pore systems (e.g., from 1 micron in reality to 50 microns 
in a 3D-printed model) will help better determine porosity/permeability relationships because 
connectivity of small pores that is not observed at the original scale will become distinguishable 
after upscaling. Moreover, the digitally upscaled pore network can be analyzed quantitatively by 
taking into account the upscaling factor that influences changes in properties such as fluid 
pressure, flow velocity, and viscosity.  
3D printing has an advantage in not only achieving more intuitive communication of 
reservoir rock pore systems, but also in transforming digital models into tangible samples at 
various scales that can be analyzed using traditional laboratory methods. Laboratory results then 
can be compared with computational estimates to validate reservoir simulators. This integration 
of µCT, pore network modeling and 3D printing allows upscaling pore networks that can be an 
efficient tool for testing petrophysical and multiphase flow properties of reservoir rocks at the 
pore, subplug, plug, and whole-core scales. 
3.2 Volumetric Scanning 
The quality and resolution of µCT depend on the distance between the source and sample 
(a), distance between the source and detector (d), and the sample size. This is governed by the 
equation for magnification (M): M = d/a. In other words, there is an inherent trade-off between 
sample size and resolution. To increase resolution, the sample size should be in the range of a 
few millimeters to obtain appropriate field of view. The source-to-sample and source-to-detector 
distances are adjusted to achieve the maximum magnification. 
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The range of image resolutions that can be obtained for accurate pore network modeling 
varies from 1 to 40 μm per pixel. There are significant drawbacks with this powerful ability to 
image the intrinsic rock structure with a non-destructive method, such as large acquired data size 
and acquisition time for high-resolution images. Each acquisition generates thousands of image 
slices that are used for the numerical reconstruction of volumetric data. 
When scanned at resolutions of 36 μm and 16 μm per voxel, one-inch cylindrical 
reservoir core plugs cannot provide sufficient information on the complex pore systems of some 
sandstones and the majority of heterogeneous carbonate rocks. To increase the resolution, core 
plug subsamples on a millimeter scale are required. These subsamples can result in image 
resolutions between 0.3 μm and 5.0 μm per voxel, leading to a more accurate pore network 
reconstruction. Electron microscopy can provide pore network information on a submicron scale, 
but today’s computer power is not capable of efficiently processing such multi-10s of gigabytes 
datasets. 
3.3 Pore Network Modeling 
The next step in the workflow extracts a pore network model from the acquired image 
slices. This involves initial reconnaissance of the data, image segmentation (porosity versus 
rock), and computational property estimation. Initial reconnaissance consists of investigating 
µCT images, where each voxel carries a gray scale signal reflecting the amount of X-ray 
attenuation experienced within the voxel volume. Correcting for image acquisition artifacts (such 
as beam hardening and image noise) are essential to improve the quality of µCT data, to increase 
the image contrast and brightness, and to achieve a more accurate 3D visualization of pore 
network and grain texture. 
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The next step is image segmentation of filtered data, where two or more phases are 
separated according to analysis of the image gray scale intensity histogram. The image 
histograms usually are stretched appropriately to visually detect differences in intensity that 
comprise various phases within the rock sample, depending on the energy absorbed by grains 
and pores. Energy absorption is a function of material density that is defined by a general 
assumption: The denser grain matrix absorbs more energy and has brighter hues on the image 
histogram, whereas pores of low density absorb fewer photons and appear in dark hues. 
Segmentation of gray level images is based on the accurate separation of each gray phase 
by thresholding and additional filtering (e.g., smoothing) and morphological operations (e.g., 
erosion and dilation). Image segmentation results in a 3D binary volume of each phase: porosity, 
grain matrix (solid), and microporosity, which can be obscured in low-resolution data. The 
microporous phase represents all porosity below the image resolution. While a three-phase 
segmentation process is applied to the majority of sandstone reservoirs, additional phase 
separation of carbonate rock images may include differentiating vugs and cements. Three-
dimensional reconstruction of all three phases allows one to calculate the volume fractions of 
each and to visualize their spatial distribution, as well as to estimate porosity and permeability. 
The petrophysical properties computed do not always match values measured during 
conventional core analysis, which can lead to inaccurate analysis of porosity, pore size 
distribution and pore connectivity. This affects the ability to predict fluid flow in reservoir rock, 
and ultimately recovery efficiency. While low-resolution µCT images of core plugs capture large 
pores (greater than 30s of microns), they overestimate pore size and connectivity. High-
resolution µCT data from plug subsamples contain more accurate information on pore shape and 
size. However, the rock subsample may not be representative of the original rock because of 
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narrower pore size-detection range and smaller volume. Therefore, digital reservoir rock analysis 
is biased toward calibrating digital models with core plug or whole-core samples to verify 
algorithms of quantitative pore network analysis. 
While porosity calculations from µCT images seem to correlate with other lab 
measurements for both homogeneous and heterogeneous rocks, digital permeability estimates 
tend to differ significantly from conventional lab results. There is some level of correspondence 
with absolute permeability, but relative permeability rarely matches special core analysis 
measurements. The statistical algorithms employed do not always account accurately for the 
geometry of pores and grains of even moderately sorted sandstones. The equations used for pore 
volume calculations are approximate to maintain the aspect ratio that can be used in simulating 
fluid flow. Nonetheless, extracting pore network from high-resolution CT data can preserve 
natural irregularities in pore shapes, which can be measured more accurately in 3D-printed 
samples than in digital core analysis, because digital computations do not account for the real 
physics of the natural rocks. 
3.4 3D Printing 
Over the past few years, 3D printing technology has evolved rapidly to the point that it 
can produce porosity models at a speed and cost that will be attractive to petrophysical 
researchers (Figure 2). With 3D printing, it is feasible not only to produce tangible rock models, 
but also to complement calibrated measurements and predictions made at the plug and subplug 
scale to whole core, and ultimately, reservoir scales. This is especially critical for carbonate 
rocks that have diagenetic overprints with a variety of rock fabrics and pore structures. 
To understand and predict petrophysical and multiphase flow properties at different 
scales, pore systems can be manufactured selectively in accordance with predicted effects by 
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upscaling the features of interest. 3D physical models may represent a tiny piece of the original 
core plug (a few millimeters in size), but their upscaled models can help recognize microporous 
interconnected spaces that are not observed in digital rock visualization at original scale. 
The resolution of 3D printers allows one to replicate the pore systems of most well-
studied reservoir sandstones (e.g. Berea and Fontainebleau Sandstone) at the minimum 
magnification to visualize rock fabrics and flow character. With ongoing development and 
increasing accessibility of 3D printing technology, as well as 3D printable materials, printed 
porosity models will be utilized not only for communication, but for research initiatives. Printed 
porosity models can be used to study the effects of pore geometry and connectivity on flow. 
Printing in the array of possible materials, such as silica or gypsum powder, allows experiments 
to probe the effects of surface physics on flow properties. These lab-measured results can be 
compared with the direct calculation of petrophysical properties from µCT data and lab analyses 
of original reservoir rock samples. 
3.5 Experiment with Pore Space 
Moreover, these tangible models can be employed to investigate rock mechanical 
properties and their dependency on petrographic characteristics based on imaging techniques. In 
the presence of a residual hydrocarbon fraction in reservoir rocks, it is important to understand 
its microscopic distribution within the rock pore space in order to predict, design, and implement 
enhanced recovery mechanisms. 
While other petrophysical characteristics of grain matrix–such as wettability and capillary 
pressure–that dictate the residual phase distribution are widely acknowledged, little quantitative 
information on their interaction at different scales is available. To fill this knowledge gap, multi-
resolution CT imaging can provide insights into the pore networks at the microscopic scales that 
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can be produced with 3D printing technology and physically measured by conventional 
laboratory techniques (nuclear magnetic resonance and mercury injection porosimetry). The 
benefits are in the reproducibility of digital models and the ability to manipulate their properties 
to better fit the results from routine or special core analysis. 
Applying both visualization and tangibility of reservoir rock pore scales, with a particular 
focus on the rock surface chemistry at the pore and molecular scales, is a direction where 3D 
printing can be advanced, given the variability of the materials used in this technology and their 
mechanical, chemical, and physical properties that potentially can replicate the essential flow and 
mechanical properties of natural reservoir rocks. This integrated approach can provide a 
foundation for more systematic investigation of enhanced recovery strategies by tuning 
petrophysical properties (such as wettability) in reservoir simulators. 3D printing technology is a 
promising tool for optimizing reservoir development concepts as it transforms digital simulation 
results into lab-testable models of both conventional and unconventional reservoir rocks that can 
complement routine and special core analysis.  
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Figures 
   
 
Figure 1. Workflow for “photocopying” reservoir rocks. 
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Figure 2. Idaho Gray Sandstone upscaled 3D-printed models. Digital model dimensions:  
3.5 x 4.0 x 4.5 mm. 
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Abstract 
The petroleum industry requires new technologies to improve the economics of 
exploration and production. Digital rock physics is a methodology that seeks to revolutionize 
reservoir characterization, an essential step in reservoir assessment, using computational 
methods. A combination of x-ray computed micro-tomography, digital pore network modeling, 
and 3D printing technology represents a novel workflow for transferring digital rock models into 
tangible samples that can be manufactured in a variety of materials and tested with standard 
laboratory equipment. Accurate replication of pore networks depends on the resolution of 
tomographic images, rock sample size, statistical algorithms for digital modeling, and the 
resolution of 3D printing. This integrated approach was performed on a sample of Idaho Gray 
Sandstone with an estimated porosity of 29% and permeability of 2200 millidarcies. 
Tomographic images were collected at resolutions of 30 and 7 µm per voxel. This allowed the 
creation of digital porosity models segmented into grains and pores. Surfaces separating pores 
from grains were extracted from the digital rock volume and 3D printed in plastic as upscaled 
tangible models. Two model types, normal (with pores as voids) and inverse (with pores as 
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solid), helped visualize the geometry of the grain matrix and topology of pores while allowing 
characterization of pore connectivity. The current resolution of commodity 3D printers with a 
plastic filament (30 µm for pore space and 16 µm for grain matrix) is too low to precisely 
reproduce the Idaho Gray Sandstone at its original scale. However, the workflow described here 
also applies to advanced, high-resolution 3D printers, which are becoming more affordable with 
time. In summary, with its scale flexibility and fast manufacturing time, 3D printing has the 
potential to become a powerful tool for reservoir characterization.   
4.1 Introduction 
The petroleum industry has always been faced with a problem of correlation across 
multiple scales of investigation: for example, between seismic, well log, and core data. While 
seismic profiles and wireline logs capture field-scale features and while petrography and 
computed micro-tomography (CT) provide insight into pore- to bed-scale features of reservoir 
rocks, the uncertainty in petrophysical properties due to differences in scale still persists. 
Moreover, calculations of petrophysical properties from microscopy images do not always match 
experimental data from cuttings and core plugs due to deficiencies in computational algorithms 
used for pore network modeling and fluid transport simulations. The physical pore network is an 
essential element of petroleum reservoir that is defined by the sizes, orientations, and 
connectivity of pores in a rock. Thus, accurate detection of pore space in reservoir rocks is 
crucial for a proper assessment of porosity-permeability relationships that ultimately affect 
prediction of hydrocarbon flow and ultimate recovery.  
Recent advances in x-ray CT imaging technology make it possible to reconstruct 3D pore 
networks by using penetrative scanning of rock fragments (Ketcham and Carlson, 2001; Riepe et 
al., 2011; Blunt et al., 2012; Lopez et al., 2012; Mohammed et al., 2012). Visualization of CT 
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data provides the capability to extract pores and grain matrix selectively and display them as 
isosurfaces, which represent 3D contours with constant x-ray attenuation values within a CT 
volume (Hansen and Johnson, 2005). To estimate porosity and permeability in reservoir rock as 
well as fluid transport properties, fluid flow simulations are carried out on selected isosurfaces. 
The accuracy of results depends on the resolution of the micro-tomography images, rock sample 
size, and processing algorithms. Despite the benefits of estimating porosity-permeability 
relationships by using non-destructive methods, digital core analysis is limited to small samples 
(less than 5x5x5 mm), which cannot be used to predict petrophysical and flow properties at 
scales as large as a core plug. Using porosity models with replicated pore networks from CT data 
for laboratory measurements of petrophysical properties benefits from comparing results with the 
same reference rock sample. Three-dimensional (3D) printing technology is capable of 
producing upscaled tangible porosity models of reservoir rocks with petrophysical properties 
similar to the original samples, allowing the visualization of pore geometry, topology, and 
connectivity (Hasiuk, 2014). 
The paper brieﬂy describes the workflow for manufacturing tangible porosity models 
from CT data in three steps: CT imaging, pore network modeling, and 3D printing (Figure 1). 
Going into this project, it was clear that “photocopying” a reservoir pore network would mean 
operating at the limits of resolution for both the CT scanner and the 3D printer. Therefore, a 
coarse-grained sandstone (Idaho Gray Sandstone, Kocurek Industries) with large grains, large 
pores, and large pore throats was chosen as the first test to establish the overall workflow. If 
successful, the methodology could then be applied to coarse-grained carbonates and then to 
finer-grained sedimentary rocks. The Idaho Gray Sandstone is a member of the upper Miocene 
Idaho Formation from Idaho, USA. The sandstone is yellowish-gray, non-laminated, fine-
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grained, and well-sorted. It is composed of 55% quartz, 37% feldspar, and 8% 
argillaceous/micaceous material (Weinbrandt and Fatt, 1969; Haimson and Lee, 2004). The 
Idaho Gray Sandstone has angular to subangular grains, with a mean diameter of 200 µm (Wood 
and Burnham, 1987); the grains were cemented primarily by the microcrystalline quartz from 
hydrothermal water circulation in Boise area, Idaho (Wood and Burnham, 1987; Othberg, 1994). 
Vendor provided estimations of porosity and permeability are 29% and 2200 millidarcies 
(Kocurek Industries, 2013), respectively, whereas the pore diameters vary from 2 to 400 µm 
(Weinbrandt and Fatt, 1969).  
In step 1 of the workflow, the core plug (2.5 cm diameter by 6 cm height) was CT 
scanned at resolutions of 30 and 7 µm per voxel and stored as a 3D volume data set. In step 2, 
the pore networks and the grain matrix were extracted as isosurfaces from the volume data set 
and were post-processed. In step 3, a tangible model was manufactured using fused depositional 
modeling and polyjet 3D printing technologies.  
The paper concludes by discussing current challenges of each stage in the workflow and 
by providing insights for future work. The integrated workflow can be tailored to the 
specifications of other CT scanning systems, to the complexity of different reservoir samples, 
and to the scale of the extracted pore networks. Thus, we propose that 3D printing is a viable tool 
for reservoir characterization.  
4.2 Computed Microtomography Scanning 
CT has become widely employed in the petroleum industry as a non-destructive tool for 
investigating porosity and permeability of reservoir rocks (Ketcham and Carson, 2001; Iassonov 
et al., 2009). Studies focusing on the 3D nature of reservoir pore networks investigate structures 
with spatial resolutions ranging from sub-µm to hundreds of µm. Such analysis benefits from CT 
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scanning techniques, because traditional 2D petrographic or SEM images often fail to provide 
sufficient information in the third dimension to capture their intricate features. To replicate pore 
networks of reservoir rocks with high accuracy, special attention should be taken in the course of 
CT data acquisition and during digital reconstruction of the 3D volume. In this paper, CT 
scanning is the first step in the workflow for production of tangible porosity models (Figure 1). 
4.2.1 Computed Microtomography Data Acquisition 
CT data acquisition was performed at the Center for Non-Destructive Evaluation, Iowa 
State University (ISU-CNDE). The CT scanning system consists of three components: source, 
detector, and rock sample (Figure 2). The ISU-CNDE system incorporates a Kevex PXS10-16W 
fan-beam source, with a spot size of 16 µm, that generates x-rays traveling from the tube and 
forming a cone of radiation. The x-rays penetrate the rock sample and reach the flat-panel 
detector (GE DXR 500L), which has a resolution of up to 3702×2400 pixels. A series of 2D 
projections are acquired by a 360° rotation of the rock sample at increments of 1°, where the 
absorption of x-rays in different directions is recorded by the detector. The diverging geometry 
of x-rays traveling from the source to detector results in a magnification (M) of the rock sample 
image that is a function of the sample’s proximity in reference to the source and the detector 
(Grandin, 2014) 
Magnification = (source-to-detector distance)/(source-to-sample distance).         (1) 
CT image resolution is determined primarily by the magnification value, in particular, by 
the distance of the rock sample to the source (Figure 2) because the source-detector distance is 
fixed. Initially, the standard core plug, with a diameter of 2.5 cm, was scanned imaging the full 
height of 6 cm.  In this case, a volume data set was created from 360 raw images with a voxel 
resolution of 30 µm. (A voxel—a “volume element”—is the 3D visualization equivalent to a 
79 
 
 
pixel in 2D visualization, used to store density or intensity value. Voxels are cubic and so their 
size is usually referred to by the length of one side. Herein voxel size will be described in this 
way in µm. For example, a “30 µm voxel” would have a volume of 303 or 27000 µm3.) However, 
30 µm voxels were not ideal because they could not accurately image the Idaho Gray Sandstone 
pores less than 30 µm in diameter. To achieve a higher image resolution, the core plug was 
moved closer to the source and only the upper 1.5 cm of the plug was scanned. This second scan 
resulted in a resolution of 7 µm per voxel.  
The two CT scans of the sample each generated 360 raw images, coded with 14-bit depth 
(about 10MB per file). Each scanning session lasted approximately 4.5 hours with each frame 
having 8 seconds of exposure time. These parameters provided the sufficient dynamic range in x-
ray intensity through the sample to obtain high contrast between grains and air-filled porosity. A 
good level of contrast in the scanned images is important for reconstruction of the raw images 
(Grandin, 2014) and for post-processing segmentation. 
4.2.2 Computed Microtomography Volume Reconstruction 
The structure of each raw CT image is represented by a single set of detector readings for 
a particular view as time progresses from top to bottom of the rock sample. These images are 
called sinograms as they comprise sinusoidal curves corresponding to the points in the scanned 
sample. “Reconstruction” of CT data is the mathematical process of converting sinograms into 
two-dimensional image slices that are then stacked along the z-axis to build a topological and 
geometrically regular 3D volume. During reconstruction, the intensity levels in the sinogram are 
converted to CT values that are displayed in grayscale. Gray levels in a CT image are directly 
related to x-ray attenuation that reflects the proportion of scattered and absorbed x-rays passing 
through each voxel. According to Beer’s Law (Grandin, 2014), x-ray attenuation is primarily a 
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function of x-ray energy, path length, and the density and composition of the material. Hence, 
rock pores with their lower density will have less attenuation and thus lower grayscale value than 
grains with higher attenuation (and thus higher grayscale values). A back-projection algorithm 
was used to reconstruct the distribution of x-ray attenuation in the CT volume. Back-projection 
takes the projection values in each row of the sinogram and projects them backward across the 
pixel matrix along the angle at which the image was acquired. The quality of CT reconstruction 
depends on the accurate quantification of the center of rotation (CoR) for the rock sample. The 
CoR is dictated by the position of a voxel within the sample (x, y, z) relative to the source-
detector coordinate system (Grandin, 2014). A series of iterative CoR tests with an offset of ±1 
mm allows visual identification of the correct value with an accuracy of 1 µm.  
Reconstruction of a volume dataset from the set of raw CT images was performed in 16 
bits on a 64-bit dual-core CPU with 32 GB RAM. The maximum volume of 20003 voxels can be 
reconstructed at a full resolution in about 25 minutes with a CT intensity range of 10000 values. 
The file size of the resulting volume is over 30 GB and exceeds the current computational 
capabilities of most workstations to visualize and perform operations (like image segmentation) 
on the whole volume at the full grayscale range. Therefore, a volume of 1000x700x1000 voxels 
(in x-y-z directions) was created. To maintain the voxel size of 30 µm for the whole plug and 7 
µm for the subsample, the air around rock cylinder was cropped from the output data by 
decreasing the spatial limits of the reconstruction volume. Moreover, this preprocessing 
operation reduced the reconstruction time to less than 10 minutes and resulted in a smaller output 
volume to about 3.5 GB, which was better suited for volume processing algorithms.  
The post-reconstruction processing of the CT volume involved removing beam-hardening 
artifacts from the CT images. Beam hardening was caused by the absorption of low-energy 
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photons in the outer regions of the core plug as the beam passed through the sample (for a more 
in-depth discussion of artifacts introduced during CT acquisition, see Ketcham and Carlson, 
2001). This artifact occurs when the detector is not discriminating photons by their energy 
values, leading to a bowl-shaped trendline in voxel values (Grandin, 2014). Removing the long-
length trends with a non-linear and edge-preserving bilateral filter resulted in a weighted average 
of intensity values from nearby pixels based on a Gaussian distribution (Grandin, 2014). This 
image flattening allowed maximizing contrast corresponding to the extent of x-ray attenuation 
required for further statistical analysis in the course of pore space extraction.  
4.3 Pore Network Modeling 
Pore network modeling involves segmentation of a 2D image or a 3D volume into two or 
more phases with the goal of estimating fluid transport properties within the pore network. The 
accuracy of such estimations depends on the accuracy of the digital pore network that replicates 
geometrical and topological properties of the natural pore network. This study introduces pore 
network modeling as an iterative and multiscale part of the integrated workflow that allows 
extracting both grains and pores from the CT images (Figure 1). In general terms, this involves 
data analysis of gray-level intensity histograms for threshold values, two-phase image 
segmentation of data into pore and grains based on those threshold values, and isosurface 
generation. Pore network modeling was performed in the following free and/or open source 
software packages: 3Dvis (designed at CNDE), Paraview (paraview.org), Meshlab (meshlab.net), 
and Autodesk Meshmixer (meshmixer.com). A common commercial package for similar 
modeling is Avizo (FEI Corporation, fei.com).  
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4.3.1 Image Analysis via Intensity Histogram 
The initial СT image analysis consisted of investigating grayscale intensity values for 
pore space and grain matrix by visually inspecting parts of the 3D macrovolume and 
microvolume in 3Dvis and Paraview programs. As the intensity value is directly related to the x-
ray attenuation of the material, darker regions represent pores and lighter regions represent grains 
(Figure 3). The low-resolution imagery (30 µm per voxel) of the core plug captured only pores 
larger than 30 µm, whereas high-resolution imagery (7 µm per voxel) from plug subsample 
could render more accurate information on smaller pore geometry. While the difference in 
resolution does not allow straightforward comparison between the two datasets, the porosity 
below the image resolution represents the microporous phase in both datasets. In addition, to 
speed up rendering time, subsets of 2003 voxels (with spatial ranges of 6x6x6 mm for the core 
plug and 1.4x1.4x1.4 mm for the subsample) were extracted from both volumes (Figure 3).  
The next step is image segmentation by creating threshold values from the attenuation 
intensity histogram (Figure 4). Although, the intensity histogram does not show a bimodal 
distribution (grains and pores), the range of CT values was adjusted appropriately to visually 
detect differences in intensity, depending on the energy absorbed by grains and pores. Partial-
volume effect of rock-air boundaries not falling on voxel boundaries is likely the major reason 
for normal distribution of intensity values. Nonetheless, the dark regions represent large pores 
and the very light regions - grains. The middle-range background, comprising most of the image, 
represents 1) grains and pores below image resolution and/or 2) grain/pore boundaries falling 
within a voxel (Figure 4).  The probability of a voxel recording a purely “grain” attenuation 
(high) or purely “pore” attenuation (low) is exceedingly low. Rather most pixels represent a 
mixture of grain and pore - yielding a normal distribution on the attenuation intensity histogram 
83 
 
 
with a dominant peak from the middle-range background. Therefore, the key factor in image 
segmentation is to find a good threshold value to separate porosity as a single phase from the 
grains.  
For both CT datasets, the segmentation was done by assigning thresholds with low and 
high values for grains and pores near the peak of the available intensity range by visual 
inspection of the histogram (Figure 4). In the 200-bin frequency histogram generated (in 
Paraview, Figure 4a), the pores are represented by intensity values to the left of the histogram 
peak; the grains are represented by values to the right of the peak. The three threshold values T1, 
T2, and T3 correspond to the three phases discussed above: T1 separates macropores, T2 
separates micropores and macropores, and T3 separates grains. To better discern the middle 
“microporosity” region, the bin number (in frequency) on the histogram was increased to 10000 
in 3Dvis program (Figure 4a, b). Isocontours produced (Figure 3) are based on the threshold 
values identified in histograms (Figure 4). Ultimately, a single threshold value needs to be found 
to generate an isosurface that separates grains from pores. 
4.3.2 Isosurfacing and Preparation for 3D Printing 
Isosurfacing is the process of creating a surface mesh that defines the border between 
phases, e.g., between mineral and void, or between grains and pores (Figure 5). Isosurfacing is 
the 3D equivalent of creating a single contour of equal value (isocontour) on a topographic map. 
Isosurfacing takes the 3D volume data reconstructed from the CT image data and creates a set of 
polygons (typically triangles; Figure 6) that follows the previously determined threshold value 
throughout the volume to form one or more meshes as a boundary representation. Many 
isosurfacing methods are based on the Marching Cubes algorithm (Lorensen and Cline, 1987).  
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Ideally, the resulting meshes are topologically consistent; that is, they have a definite inside and 
outside.  
Using 3Dvis and Paraview, we created three isosurfaces, one capturing macropores, the 
second - both macropores and micropores, and the third - capturing the grains. These isosurfaces 
are based on similar threshold values close to the histogram peak, but with the definition of 
“inside” reversed. The isosurfaces for pores enclosed all intensity values smaller than the 
threshold value (i.e., the darker regions in Figure 3). Conceptually, this represents porosity (as 
“inside”) that is surrounded by void grain matrix (as “outside”). By varying the threshold value, 
we were able to delineate a pore network containing only macropores (T1 in Figure 5) and a 
network delineating both, macro and micro pores (T2 in Figure 5). The grain matrix isosurface 
enclosed all intensity values larger than the threshold value (i.e., the bright regions in Figure 3) 
in the intensity histogram, representing grains (“inside”) that are surrounded by void porous 
media (“outside”; T3 in Figure 5).  
 Other feature extraction algorithms may be applied during image segmentation to obtain 
more accurate models such as adaptive and interactive thresholding, watershed segmentation, 
Otsu method, etc. (Iassonov et al., 2009; Blunt et al., 2012). With high-resolution (<2 µm per 
voxel) CT data and a homogenous natural sample, these algorithms can segment a CT volume 
into grains and pores making property measurement (such as volume, inscribed radius, and 
shape) more accurate.  
The isosurface meshes for grains and pores consist of triangles connected by their 
common edges and vertices (Figure 6). Those meshes were saved in .PLY (Stanford Triangle 
Format) and .STL (STereoLithography) 3D model file formats that contained over 500 MB of 
data and more than 10 million triangles.  
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It is advisable to be aware of the limits of the 3D printer’s hardware and software, as this 
will dictate which post-processing steps are needed to successfully print a 3D model file. In our 
case, the file size exceeded the limitations for the 3D printing software we used (Makerbot 
Makerware, Autodesk Meshmixer), which requires models of less than 500 MB and with fewer 
than one million triangles. Therefore, a mesh cleaning and triangle reduction step was needed to 
prepare the models for 3D printing.  
Autodesk Meshmixer and Meshlab offer methods for simplifying and “cleaning up” 
meshes for 3D printing. We performed most of the post-processing steps in Autodesk 
Meshmixer; it contains algorithms for intelligently reducing the number of triangles, inspecting 
and measuring the model geometry, correcting topological issues such as non-manifold edges 
and vertices, modifying the physical dimensions and units, and finally checking the output .STL 
file before it is transferred to 3D printing. These operations were performed via the following 
Meshmixer algorithms:  Inspector Analysis, Reduce Triangles, Units, and Prepare for 3D 
printing (Figure 7). The latter is an integrated tool that allows analysis and correction of all 
defects in the model that may scuttle the 3D printing process, with an ability to preserve the 
original shape of the model components and adjust the output file for a particular 3D printer and 
printing material.  
It is possible for a mesh—especially a complicated mesh like those generated from CT 
data—to contain unconnected elements arising as artifacts from the scanning and isosurfacing 
processes. These elements could manifest as pores inside grains or grains “floating” in pores 
(Figure 6). These represent isosurfacing artifacts or are parts of the natural pore network that 
were insufficiently imaged during CT scanning. These unconnected elements may lead to 
problems during the 3D printing. Therefore, these unconnected elements were identified using 
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the “Split into components” operation in Meshlab and deleted from the mesh (based on number 
of triangles).  
Remeshing operations, such as MeshLab’s Poisson surface reconstruction, should only be 
used if the mesh’s size and complexity far exceed the 3D printer’s capabilities. Remeshing 
changes the geometry and topology of the original pore network, and will thus result in a digital 
porosity model that is less representative of the original sample.  
4.4 3D Printing 
The next step in the workflow (Figure 1) is to 3D print the digital porosity model (Figure 
5). Over the last decade, 3D printing technology has matured to the point where digital models of 
reservoir porosity can be made tangible at nearly original scale. In this section, we describe the 
process by which tangible porosity models were 3D printed from the digital porosity models of 
our natural sample of Idaho Gray Sandstone. 
3D printing is shorthand for a family of engineering technologies, often more broadly 
called “rapid prototyping”, where a computer controls the production of a 3D tangible object 
from a feedstock. These technologies can be subtractive, where material is removed to yield the 
final model (how Michelangelo carved the statue David from a block of marble), or additive, 
where material is added to yield the final model (how Michelangelo painted the ceiling of the 
Sistine Chapel layer by layer). Because of the intricate and internal nature of a reservoir pore 
network, currently only additive technologies are capable to 3D print a digital porosity model. 
Two types of additive manufacturing were evaluated in this study: Fused Depositional Modeling 
(FDM) and Polyjet Manufacturing. In both methods feedstock is built up layer by layer. In FDM 
the solid plastic filament is extruded through the nozzle by melting (Figure 8). Polyjetting lays 
down liquid photopolymer droplets that are instantly UV-cured (Figure 9).  
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Before a tangible sample is manufactured by FDM 3D printer, MakerWare (MakerBot 
Industries) is used to calibrate the digital model and choose the print settings such as extrusion 
speed, extruder and platform temperatures, layer height, infill volume, rafts and support material, 
output dimensions, position on the platform, and slicing mechanism. MakerWare’s slicer engine 
cuts the digital model into a series of horizontal layers and creates pathways that are saved as 
.Gcode control code and sent to the 3D printer. The software also has three profiles: standard 
(200-μm layers), low (faster, but lower quality —300-μm layers), and high (slower, but higher 
quality—100-μm layers) with predefined combinations of print settings. For 3D printing tangible 
Idaho Gray sandstone models, standard and high profiles were chosen to preserve substantial 
quality and achieve higher resolution, i.e., 1-µm plastic layers. 
While both FDM and Polyjetting techniques and their materials provide sufficient 
resolution and accuracy (Table 1) for many 3D printing scenarios, printing digital porosity 
models is an extreme case. Even the highest-end commercial hardware is not yet capable of 
printing digital porosity models at their original scale. Considering the hardware limitations of 
the 3D printers used in this study, we decided to 3D print the digital porosity models with scale 
factors of 5, 10, and 20.  Despite this limitation, there is still value in printing “magnified” digital 
porosity models. Figure 10 shows tangible models of the various isosurface meshes, representing 
a small portion of the original core plug (2003 voxels of CT volume or a few millimeters in size). 
Interacting with the much larger tangible models (printouts) can help to visualize, the geometry 
and connectivity of the pores and the textural characteristics of the grain matrix in a way 
different to visualizing the equivalent digital rock model. 
A significant advantage of 3D printing technology, as demonstrated in this workflow, is 
the ability to manufacture a tangible model of each phase independently from the rest of the rock 
88 
 
 
volume at a variety of scales. Because an isosurface contains a single phase (grain or pore), the 
tangible 3D model represents a solid surface for either pore network (with voids as grains) or 
grain matrix (with voids as pores). Figure 10 (b, left) shows the tangible model of the effective 
macropore phase that was 3D printed using the pore network extracted from low-resolution (30 
µm per voxel) CT data. Thin plastic wires of support material connect the solid pieces of the 
network indicating the channels interconnecting the pore bodies.  
Finally, we compared the tangible models with digital porosity models and the original 
CT images to estimate the accuracy of replicated pores and grain matrix (Figure 1). Digital 
microscopy (DinoXcope) was used to measure pores in the 20x-scaled tangible models (Figure 
11). Autodesk Meshmixer’s Measure tool was used to measure pore sizes in the digital porosity 
models. The results indicate that for the large pores (>100 µm), the pore sizes are similar in both 
tangible and digital model. However, for pores smaller than 100 µm, 3D printing seems to 
exaggerate the pore diameters. We suspect that this is an artifact caused by the upscaling of the 
original isosurface, issues with the slicing software not dealing well with cases of complicated 
geometry of pore networks, and insufficient resolution of the particular 3D printer. We anticipate 
that 3D printers with higher resolution and better overall precision would more accurately 
reproduce those small pore sizes in an upscaled model and eventually negate the need for scaling 
completely. 
4.5 Suggestions for Further Study 
The application of 3D printing to “photocopying” pore networks is still in the early stage 
of development and more work has to be done to better establish the capabilities and limits of 3D 
printing as an additional tool in reservoir rock analysis. Future work will include testing of 
different image segmentation algorithms to more accurately separate total and effective 
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porosities from grain matrix. In addition, high-resolution microscopy images of thin sections cut 
from the plug may be required to reconstruct digital volumes of reservoir rock samples to refine 
pore network systems. Mercury injection porosimetry experiments will be performed on both 
original rock cuttings and 3D printed samples to measure pore throat size distribution and 
identify potential sources of error. Testing other 3D printing materials, such as gypsum and silica 
powder, to produce copies of reservoir rocks is significant to assess their physical and chemical 
properties against natural sandstones. Tangible porosity models will be further used to study the 
effects of pore geometry and connectivity on fluid flow. Ultimately, lab-measured results from 
tangible models will be compared with experimental data from original rock samples and direct 
calculation of petrophysical properties from CT and microscopy images to derive mathematical 
model that can replicate pore networks of homogeneous reservoir sandstones and carbonate 
rocks. 
4.6 Conclusions 
A combination of CT imaging at different resolutions, isosurfacing, post-processing and 
3D printing produced tangible models of the coarse-grained Idaho Gray Sandstone. While the 
resolution of CT images and accuracy of 3D printers are, at the moment, insufficient to replicate 
the microporosity of the sandstone at the original scale, we found these tangible models to be 
useful for visualizing the geometry of the grain matrix, topology and connectivity of pores, to 
investigate fluid flow and mechanical properties of reservoir rocks and to explore their benefits 
for the petrographic analysis based on imaging techniques. The ongoing advancement of 3D 
printing technology and materials may make it possible to produce reservoir rock models at the 
original scale in the near future.  
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The workflow presented in this paper can be easily modified to meet the requirements of 
other pore network geometries, incorporating more sophisticated algorithms for porosity-
permeability analysis. Multi-resolution CT and scanning electron microscopy may be used to 
refine the microporosity framework. This will lead toward a better understanding of distribution 
of pores and their connections within the reservoir leading to better prediction, design, and 
implementation of enhanced recovery mechanisms. This is especially crucial for characterization 
of other petrophysical characteristics of the grain matrix, such as wettability and capillary 
pressure, and their interaction at different scales. The results of this study provide insights into 
3D printing pore networks at the microscopic scales and physically measure their petrophysical 
properties by conventional laboratory techniques, such as nuclear magnetic resonance and 
mercury injection porosimetry. The major benefits of replicated tangible models are their 
negligible cost compared to real reservoir samples, their ability to make a lab-testable porosity 
model from digital data, and the ease with which different materials can be employed to modify 
their properties. 3D printing technology is a promising tool for optimizing reservoir development 
concepts as it transforms digital simulation results into lab-testable models of reservoir rocks that 
can complement traditional core analysis. 
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Figures 
 
 
 
Figure 1. Integrated workflow for manufacturing tangible porosity models. Large boxes 
represent four main components in the workflow; small boxes represent steps in each 
component. Double-sided dashed arrow indicates an ability to modify digital models based on 
lab results.  
 
 
 
 
 
 
 
94 
 
 
 
 
Figure 2. CT scanning system at ISU-CNDE. The sample was a core plug from the Idaho Gray 
Sandstone; the projection of the sample is represented by the translucent brown cylinder on the 
detector plane. The coordinate axes are fixed to the detector center, with the x-axis parallel to 
detector rows, y-axis parallel to detector columns, and z-axis perpendicular to the detector plane. 
X-ray source is at the center of the detector. Sample is stable between exposures and uniformly 
rotates about a vertical axis between exposures. The sample can be translated in all three spatial 
dimensions as well as rotated about the vertical axis. Diagram is not to scale. Modified from 
Grandin (2014).  
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Figure 3. CT images and isocontours for Idaho Gray Sandstone. Left - photograph of the core 
plug, 2.5 cm diameter by 6 cm height. (a) 2D images of a CT dataset with 7 µm per voxel. (b) 2D 
images of CT dataset with 30 µm per voxel. The dimensions on x- and y-axes of 2D image range 
from 0 to 200 voxels. Each 2D image in (a) and (b) has isocontours that correspond to specific 
threshold value (T1, T2, or T3) segmenting the three phases (macropores, 
micropores+macropores, grains). 
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Figure 4. Intensity histograms for Idaho Gray Sandstone CT volumes. (a) Histogram for 30-µm 
CT volume (core plug scale) generated in Paraview program. (b) Histogram for 7-µm CT volume 
(1.5-cm plug subsample) generated in 3Dvis program; c) expanded middle region (red arrow) of 
intensity values showing pore/grain boundary range below CT image resolution. Thresholds (T1, 
T2, and T3) correspond to isosurfaces in Figure 5: T1=macropores, T2=micropores+macropores, 
T3=grains. 
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Figure 5. Isosurfaces generated for pore networks and grain matrix of Idaho Gray Sandstone. 
Isosurfaces in (a) and (b) correspond to isocontours generated on thresholding CT images in 
Figure 3. T1 (macropores), T2 (micropores+macropores), and T3 (grains) are the same as in 
Figure 3. CT volume for each isosurface is 2003 voxels (6 mm)3 for core plug volume and 
(1.4mm)3 for 1.5-cm subsample volume). 
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Figure 6. Isosurface connectivity analysis. Isosurface is the same as in Figure 5b (T1= -150; 
macropores) with volume of 2003 voxels, (6 mm)3. MeshLab’s “Split into Components” 
algorithm was used to define unconnected elements. Red box displays zoomed region of 
unconnected elements showing triangle sets.  
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Figure 7. Preparation of isosurface for 3D printing in Meshmixer program. This is a grain matrix 
isosurface (threshold T3=100 on 2003 voxels representing (1.4mm)3 from Figure 5a). (a) 
Units/Dimensions tool is used for adjusting dimensions of the isosurface. Gray regions with blue 
outlines in the isosurface indicate defects such as non-manifold edges and vertices. (b) Inspector 
Analysis tool determines the defect areas of the isosurface and locates them with blue and violet 
pins. (c) Reduce tool decreases the percentage of triangle sets (by 75% for this isosurface) 
preserving edges and original geometry. (d) Prepare for 3D printing eliminates all the remaining 
defects and adjusts the model parameters to the 3D printer and material specified by the user. 
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Figure 8. Schematic design for Fused Depositional Modeling system. Gray plate is a building 
platform. Feedstock is a solid plastic that is melted within the printhead and extruded as a bead 
of melted plastic similar to a hot-glue gun. A-D values can be found in Table 1. 
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Figure 9. Schematic design for Polyjet (inkjet) 3D printing system. Feedstock is a liquid polymer 
similar to the ink in traditional 2D inkjet printers. Values for A-D can be found in Table 1.  
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Figure 10. Tangible models of Idaho Gray Sandstone. (a) and (b) correspond to T1 (macropores), 
T2 (macropores+micropores), and T3 (grains) isosurfaces in Figure 5. Details of the model 
include: original threshold value, dimensions, magnification, 3D printer name, and plastic type. 
Magnification is defined by the ratio of the digital isosurface volume over the volume of 3D 
printed sample. Below models in b is a microscopy image of the pore details for the sample T1 
(b, left). For feedstock and 3D printer specifications, refer to Table 1. Green boxes in panel (a, 
left) correspond to images in Figure 11. 
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Figure 11. Microscopy images of the 3D printed sample. The 3D printed sample corresponds to 
the grains model (Figure 10a, right). The measurements were done with DinoXcope tool (in (a-c) 
refer to locations of images in Figure 10a, right). In (d), pore size calculations were done on 
isosurface (28x28x28 mm) using Meshmixer Measure tool. 
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Table 
 
 
Table 1. Characteristics of 3D printers used in the study. Refer to Figures 8 and 9 for 
configuration. 
 
 
Printer A. 
XY Resolution 
(Nozzle diameter) 
B/C. 
Z Resolution 
(Layer Thickness) 
D. 
XY Positioning 
Accuracy 
Material 
Replicator 2X 400 µm 100 µm 11 µm 
ABS plastic 
(Makerbot-Brand) 
Replicator Mini 400 µm 200 µm 11 µm 
PLA plastic 
(Makerbot-Brand) 
Objet260 Connex 42 µm 16 µm 30 µm 
VeroWhitePlus 
(Stratasys-Brand) 
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Abstract 
 
3D printing provides an opportunity to build lab-testable models of reservoir rocks from 
tomographic data. This study combines tomography and 3D printing to reproduce a sample of 
the Fontainebleau sandstone at different magnifications to test how this workflow can help 
characterization of transport properties at multiple scales. For this sandstone, literature analysis 
has given a porosity of 11%, permeability of 455 md, median pore throat radius of 15 microns, 
and a mean grain size of 250 microns. Digital rock analysis of tomographic data from the same 
sample yielded a porosity of 13%, a permeability of 251 md, and a median pore throat radius of 
15.2 microns. The 3D printer available for this study was not able to reproduce the sample’s pore 
system at its original scale. Instead, models were 3D-printed at five-, ten-, and fifteen-fold 
magnifications. Mercury porosimetry performed on these 3D models revealed differences in 
porosity (28-37%) compared to the literature (11%) and to digital calculations (12.7%). Mercury 
may have intruded the smallest matrix pores of the printing powder and led to a >50% increase 
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in measured porosity. However, the 3D-printed models’ pore throat size distribution (15 
microns) and permeability (350-443 md) matches both literature data and digital rock analysis. 
The powder-based 3D printing method was only able to replicate parts of the pore system 
(permeability and pore throats), but not the pore bodies. Other 3D printing methods, such as 
resin-based stereolithography and photopolymerization, may have the potential to reproduce 
reservoir porosity more accurately. 
5.1 Introduction 
As petroleum resources begin to be exploited from smaller and tighter pore networks 
(e.g., micropores in carbonates and nanopores in mudrocks), digital rock analysis has become 
more widely used to predict reservoir rock performance as an alternative to costly and time-
intensive laboratory measurements (Sisk et al., 2010; Dvorkin et al., 2011; Beckingham et al., 
2013; Blunt et al., 2013; Knackstedt et al., 2013; Bodla et al., 2014; Fogden et al., 2015). 
Nonetheless, digital rock analysis faces a major challenge in integrating data acquired at different 
resolutions: from nanometer (3.94*10-8 in.) in microscopy images to centimeter (0.39 in.) or 
larger in well logs (Guice et al., 2014). This affects predictions of crucial reservoir parameters 
such as relative permeability and capillary pressure for fluids in different rock samples of the 
same reservoir. While digital simulations of petrophysical properties from homogenous reservoir 
rocks (e.g., Fontainebleau sandstone) with mostly macropores can match laboratory results (Øren 
and Bakke, 2002), the same procedures do not always work on carbonates and shales (Nelson, 
2009) due to their overall heterogeneity as well as their small pore throat sizes (<1 micron) 
(Guice et al., 2014; Norbisrath et al. 2015). As the electrical, elastic, mechanical, and fluid flow 
properties of these rocks are usually directly related to the pore morphology and connectivity, the 
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amount and location of microporosity cannot be always resolved by digital rock analysis (Guice 
et al., 2014; Ishutov et al., 2015). 
The current state of digital rock analysis is directed towards coupling of several 
numerical simulations including not only fluid transport, elastic and mechanical properties, and 
surface physics of grains, but also reactive fluid processes (Noiriel, 2015; Steefel et al., 2015). 
Idowu et al. (2014) proved that calculation of the same properties (such as porosity or 
permeability) on identical pore network using different algorithms does not always yield similar 
results. The differences observed between pore network models and calculations of digital pore 
statistics and flow properties are affected by the presence of clay and non-quartz minerals as well 
as quartz grain overgrowths that cannot be always resolved in tomography data or modeled by 
numerical algorithms. For example, Fredrich et al. (1993) compared permeabilities from a 
tomography-based digital pore network and laboratory analysis of brine-saturated Fontainebleau 
samples with porosities of 4-20%. The study revealed more than an order of magnitude 
overestimation for permeability in a 4%-porosity sample (that was reduced due to quartz grain 
overgrowths) than in samples with >10% porosity. Walderhaug et al. (2012) developed a more 
sophisticated method for predicting permeability in Fontainebleau samples with 6-14% porosity 
and less than 3% of clay using a percolation threshold that represents the volume of connected 
pores separated from the rock’s total pore volume. When compared to mercury porosimetry, 
their results suggest that permeability is controlled by the width and connectivity of the dominant 
flow paths through the pore system, which in turn are determined by the volume and distribution 
of clay. Therefore, for porosities <6%, the percolation method overestimates permeability in 
clay-free samples due to decrease in the connectivity of the pore system at this threshold value of 
porosity. Despite the precise estimations of permeability possible in a digital setting, most 
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authors suggest validating these calculations against empirical data to account for discrepancies 
associated with numerical methods (Walderhaug et al., 2012; Guice et el., 2014; Idowu et al., 
2014; Noiriel, 2015; Steefel et al., 2015). 
5.2 Measuring Properties of Fontainebleau Sandstone 
Fontainebleau sandstone is ideal for digital rock analysis (Lindquist et al., 2000; Øren 
and Bakke, 2002, Gomez et al., 2010; Zaretskiy et al., 2010; Revil et al., 2014) because of its 
relatively large pores (~100 microns) between relatively large (~250 microns) and well-sorted 
quartz grains that compose 99% of the rock (Figure 1A and B). Its homogeneous mineralogical 
composition and grain texture makes segmentation of tomographic images straightforward. The 
resulting digital pore network models faithfully reproduce the geometry of the original samples 
(Louis et al., 2007).  
Fontainebleau sandstone is Oligocene in age and was buried to a shallow depth (up to 
200 m) in the Paris Basin, France (Bourbie and Zinszner, 1985; Cooper et al., 2000). This 
sandstone was deposited mostly in a marine shoreface environment that transitioned to a 
subaerial eolian environment with dune-size cross-bedded quartz sands towards the end of 
deposition (Thiry and Marechal, 2001). While the Fontainebleau Formation has three distinct 
lithofacies (quartz-dominant, clay-rich, and feldspar-glauconitic), the most studied and quarried 
one is the white quartz sandstone (Thiry and Marechal, 2001). Current outcrops of Fontainebleau 
sandstone are in the Ile de France region around Paris, where the sample used in this study was 
obtained from a commercial quarry (Cooper et al., 2000).  
Based on laboratory measurements of 240 samples of the Fontainebleau sandstone, 
Bourbie and Zinszner (1985) correlated permeability with total porosity and identified two 
groups: the first group has low porosities (3-9%) and permeability (in millidarcies) of  
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2.75x10-5(Φ)7.33; the second group has high porosities (9-28%) and permeability (in millidarcies) 
of 0.303(Φ)3.05. Mercury porosimetry showed that low-porosity samples had smaller pore throats 
(mode of 7-8 microns) than high-porosity samples (mode of 10-20 microns), indicating the 
presence of microporosity at the contacts between quartz grains and in fractures within quartz 
grains (Bourbie and Zinszner, 1985; Figure 1C). An alternative explanation is that the smaller 
pore throats can indicate their occlusion by quartz cement (Haddad et al., 2006). Lindquist et al. 
(2000) devised algorithms for extracting 3D geometry and connectivity of pore space from 3D 
tomographic data from four Fontainebleau sandstone samples (with porosities of 7.5, 13, 15, and 
22%) to characterize fluid flow properties on pore-pore and pore-throat correlations. In addition, 
Lindquist et al. (2000) extracted shape statistics on pore space to stochastically model porous 
media independently of the scale of the original tomographic data. Porosity, pore throat size 
distribution, and fluid flow outcomes in their study are similar to predictions in Bourbie and 
Zinszner (1985) that in low-porosity (<5%) samples permeability is also reduced due to 
cementation.  
The validation of digital rock analysis of the Fontainebleau sandstone (as well as for 
other rock types) by Lindquist et al. (2000) requires destructive tests such as mercury 
porosimetry (e.g., Bourbie and Zinszner, 1985), mechanical property experiments, and reactive 
fluid saturation. In such studies, the original rock samples are usually destroyed making it 
impossible to repeat the experiments or perform the tests at different conditions on identical pore 
networks. If tomographic or petrographic images acquired before destructive testing do not have 
high enough resolution to capture all effective pores, accurate digital calculations of 
petrophysical properties become even more challenging. Therefore, the purpose of this study is 
to 3D print multiple copies of lab-testable models from tomographic data of a reservoir rock 
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(Fontainebleau sandstone from Lindquist et al., 2000). Only archived tomographic images and 
literature laboratory measurements on the samples were available because the original rocks 
samples were discarded or destroyed during testing. Reproduction of physical samples using 3D 
printing was a novel step to connect digital and laboratory rock analyses and to evaluate the 
accuracy of petrophysical properties calculated from digital models. 
5.3 3D Printing as a New Petrophysical Tool 
3D printing transforms digital models of reservoir rocks into physical samples—
essentially “photocopying” them— so the samples can be tested in the laboratory (Ishutov and 
Hasiuk, 2014; Ishutov et al., 2015). These photocopies can be used for destructive tests, keeping 
the original sample intact (Hasiuk et al., 2015). Furthermore, performing multiple tests on 
identical copies of the same sample helps to reduce the statistical noise that can arise when 
analyzing different samples from a single reservoir (Hasiuk, 2014). Photocopied pore networks 
can also be used in testing hypotheses about reservoir fluid flow in the laboratory as well as in 
testing computational methods for estimating rock properties. Sukop and Cunningham (2008) 
3D-printed a model for laboratory flow testing from tomographic data collected on a core from a 
karst aquifer in Florida. The samples were too fragile to use in the flow experiment; however, the 
3D-printed model was robust enough to yield valuable data.  
This study used binder-jet, powder-based 3D printing method to evaluate: 1) the 
replication of pore space within the solid material; 2) the reproduction of the pore connectivity 
with the smallest pore throats; and 3) the potential integration of surface physics and chemistry 
of the natural material from reservoir rocks into the resulting lab-testable models. The powder in 
the 3D printing process uses a calcined gypsum that was the only 3D-printable mineral material 
with affordable cost of production at the time of the experimental study (2014). Other, very fine-
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scale and high-resolution 3D printers exist (e.g., Nanoscribe) that could potentially reproduce 
Fontainebleau samples at the original scale; however, the cost of purchasing the 3D printer was 
prohibitive and it was not available on a service basis. The current resolution of the gypsum-
based 3D printers cannot produce pores and grains less than 150 microns (Projet series, 3D 
Systems). Due to these limitations and given that the mean pore throat diameter in Fontainebleau 
sandstone is 30 microns (Bourbie and Zinszner, 1985; Lindquist et al., 2000) models were up-
scaled by different magnification factors (5x, 10x and 15x) before 3D printing. The pore volume, 
geometry, and preservation of connectivity of these up-scaled 3D prints were tested using 
mercury porosimetry.  
Our study represents a novel approach of analyzing a reservoir rock by obtaining rock 
properties in three ways: 1) measurement of rock properties on natural rocks in the laboratory via 
mercury porosimetry; 2) simulation of rock properties on tomography-based pore network 
models via computer; and 3) measurement of rock properties on 3D-printed porous rock models 
in the laboratory via mercury porosimetry. Moreover, the digitally up-scaled pore models were 
quantitatively analyzed; the up-scaling factor, and its influence on changes in properties like 
fluid pressure and viscosity, was taken into account. This method is direct and depends on the 
resolution of the tomographic data, resolution of the 3D printer, and accuracy of pore space 
replication in the 3D-printed samples. The goal of this study was to develop a reservoir rock 
“photocopier” that combines tomographic and petrographic imaging with 3D printing to 
reproduce petrophysically accurate copies of reservoir pore networks for a non-destructive 
testing of hypotheses about reservoir fluid flow.  
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5.4 Methods 
 The workflow employed in this study consisted of four steps (Figure 2): 1) segmentation 
of the tomographic data into phases of pores and grains; 2) simulation of properties of the pore 
phase model; and 3) manufacturing the 3D-printed grain phase model, and 4) measurement of 
properties of the 3D-printed grain phase model via mercury porosimetry experiments. Properties 
of the natural rock were measured via mercury porosimetry experiments and reported in Bourbie 
and Zinszner (1985) and Lindquist et al. (2000).  
5.4.1 Tomographic Data Segmentation 
Although the physical samples of the Fontainebleau sandstone had been destroyed earlier 
by porosimetry tests, we were able to create digital models of the samples from tomographic data 
acquired by Lindquist et al. (2000). Originally, blocks of the Fontainebleau sandstone have been 
sampled into core plugs of 4.52 mm (0.18 in.) in diameter and 2.91 mm (0.11 in.) in length that 
were measured for total porosity using dry (measured in dry samples in vacuum) and grain 
(quartz) densities (Lindquist et al., 2000). These measurements provided 7.5, 11, 13, 15, and 
22% of total porosity that correspond the sample names (e.g., FB7.5, FB11, FB13, FB15, and 
FB22). The core plugs had been scanned using the x-ray tomographic system on the X2-B beam 
line (18 keV energy) at the National Synchrotron Light Source, Brookhaven National 
Laboratory, New York, USA (Lindquist et al., 2000). The resolution of tomographic images was 
5.7 microns per voxel; the tomographic volume size was 795x795x512 voxels. Theses 
tomographic data were put in the public domain (Lindquist, 2015). To reduce the data processing 
time, the numerical precision of tomographic data was reduced to 8-bit (256-gray levels). A 512-
voxel cube was extracted from each dataset to obtain subcores. While FB11 data were excluded 
from analysis in Lindquist et al. (2000) due to having a similar porosity to FB13 (ca. 13%), FB11 
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was chosen for our study to compare with results in Lindquist et al. (2000) and Bourbie and 
Zinszner (1985). We strived to validate mercury porosimetry results if a 3D print of the FB11 
sample could accurately replicate the pore space and characteristics of its physical counterpart. 
FB11 was also suitable for our analysis because of having porosity of 11% (high-porosity group 
in Bourbie and Zinszner, 1985) and pore throat radii between 10 and 150 microns (11% porosity 
sample should fall between 9.5 and 14.5% in Figure 1C). These large pores required only a 
minimum up-scaling (5x) of the original tomographic volume to make it 3D printable at the 
printer’s highest resolution (150 microns). 
5.4.2 Digital Rock Analysis 
Digital rock analysis of tomographic data from FB11 was performed in the software 
package Avizo (v. 8) and included three steps: 1) median filtering; 2) phase extraction; and 3) 
property calculation (Figure 3). First, a median filter was applied to the tomographic data prior to 
phase extraction to smooth and de-noise tomographic images (Figure 3A1 and A2). Although the 
data did not have many acquisition artifacts, this filter also preserved edges to better define 
boundaries between pores and grains. Next, phase extraction segmented the tomographic volume 
into pores and grains (Figure 3B1 and B2). Grains attenuate x-rays to a higher degree than air-
filled pores and appear light gray (or whiter) in the tomographic data than do pores, which 
appear black or very dark gray (Figure 3A1 and A2). This was accomplished by thresholding the 
intensity histogram (high intensity values correspond to high material density). The absence of 
bimodal distribution of intensities on the histogram (one peak for pores, and one for grains) is 
due to the partial volume effect during tomographic data acquisition (Ishutov et al., 2015). 
Therefore, the threshold (intensity value of 130) was adjusted to the point where grains and pores 
appeared as two distinct phases visually on the computer screen (Figure 3A1 and A2). 
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Thresholding separated all pore space from the tomographic volume as the resolved porosity 
(blue regions in Figure 3B2 and C1) that represents the percentage of selected voxels at their 
minimum before the curve starts to elevate to a grain phase peak in the intensity histogram 
(Figure 3B1 and B2).  
Next, the Axis Connectivity operation was used to remove unconnected pore and grain 
volumes (grains “floating” in pores and vice versa). This was done because, on one hand, 
mercury porosimetry (either laboratory- or computer-based) cannot measure unconnected pores. 
On the other hand, isolated solid elements cannot be 3D-printed. The reduced complexity of the 
model also decreases the computational intensity of property simulation and preparation for 3D 
printing. 
The separated porosity volume (only connected pores) was representative of the effective 
porosity of the natural sample, while the grain phase model was representative of the physical 
structure of the natural sample with only connected (framework) grains. The grain phase model 
was converted to a mesh, a 3D surface consisting of triangles that are equivalent to geometry of 
the grain volume, with a definite inside and outside (Ishutov et al., 2015). The grain mesh 
consisted of more than seven million triangles that could result in a file size of more than 1 GB 
making this file not 3D printable (according to manufacturer guidelines; 3D Systems). To reduce 
the number of triangles down to one million, while preserving topology and geometry, the mesh 
was processed with Simplification Editor in Avizo. This operation preserves the surface details 
by generating large triangles in flatter areas and smaller ones in areas of higher curvature. 
Finally, the grain mesh was exported as an stereolithography file (STL) for 3D printing. 
The pore phase model was used to calculate porosity, permeability, and pore throat size 
distribution. In Avizo, the Volume Fraction algorithm was used to calculate porosity; this 
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function computes the ratio of pore space (blue volume in Figure 3B2 and C1) compared to the 
total volume of the dataset (gray volume in Figure 3A2 and B2). Because the pore volume 
represents only connected pores, the porosity values in the digital rock analysis represents only 
the natural rock’s effective porosity.  
To calculate pore throat size distribution, the Skeletonization algorithm was employed 
that computes the shortest distance from each point of the pore space to the grain-pore 
boundaries of segmented data. Skeleton extraction was done by progressive thinning of pore 
space that marked each voxel of the skeleton with the minimum distance to the boundary of the 
pore space. Next the pore volume was divided into pore networks, where bonds (pore throats) 
connect nodes (pore bodies) (Figure 3C1 and C2). These parameters are extracted from the 3D 
pore space images. Pore throats are the pore restrictions, so the minimum radius of each throat is 
known. The cross-section area at the throat location (A) is used to calculate the shape factor. The 
minimum radius (rmin) is defined as the radius of the maximal sphere inscribed in the throat cross 
section. Because the pore throats are elongated features, the algorithm uses equivalent pore 
radius (rh) with an elliptic cross section of the throat. The pore throat is described as an ellipse 
with a small radius equal to the minimum radius and cross sectional area (Youssef et al., 2008): 
 
In addition, the Skeleton Network was used to classify features of the pore network as 
“pore bodies” or “throats.” The length of each channel is compared to the radii of the pore space; 
if the length is less than its extremity radius, then the channel is classified as a pore body with its 
minimum radius on each channel line classified as a throat. Youssef et al. (2007) provide a 
comprehensive description of the pore size statistical algorithms that were used in this study. 
Pore throat size distribution was computed using Avizo’s Separate function. This operation 
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performs a series of functions on the pore phase model, including a Watershed Transform and 
Distance Transform to isolate individual pore throats by a 1-voxel boundary, where the 
distribution of pore sizes is equivalent to circular diameters of pore throats. The drawback of 
these statistical methods is that pore throat length in pore network models has a constant 
diameter (Figure 3); while in natural rocks, this diameter varies. Therefore, for simulation of 
fluid flow properties, pore connectivity in FB11 was simplified to channels representing 
cylinders of equal thickness. 
To calculate absolute permeability, we used the Absolute Permeability Experiment 
Simulation module in Avizo XLab Hydro Pack. Absolute permeability is an intrinsic property of 
porous medium that measures the ability of a single fluid to flow through pore space and is 
governed by Darcy’s law (1856): 
 
where: 
Q is the flow rate through the pore space (m2s-1); 
S is the cross section of the rock (m2); 
k is the absolute permeability (m2); 
µ is the dynamic viscosity of the fluid (Pa•s); 
ΔP is the pressure difference applied around the rock (Pa); 
L is the length of the rock (m). 
 
The absolute permeability is computed in XLab Hydro by solving Stokes equation 
directly on the cubic voxels using the finite volume method (Harlow and Welch, 1965; Ferreol 
and Rothman, 1995; Blunt et al., 2013; Mostaghimi et al. 2013; Miller et al., 2014): 
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, 
where: 
 is the divergence operator; 
is the gradient operator; 
 is the velocity of mercury; 
µ is the dynamic viscosity of mercury (Pa•s); 
     is the Laplacian operator; 
P is the pressure of mercury. 
 
The Stokes and Darcy equations are solved on the incompressible Newtonian fluid with 
low Reynolds number flow and no-slip grain-fluid boundary conditions (Harlow and Welch, 
1965; Youssef et al., 2007; Youssef et al., 2008; Miller et al., 2014). The pore network skeleton 
was used to estimate the absolute permeability of FB11 (Øren, and Bakke, 2002). Pressure 
gradients are assigned at the center of the voxel (at the nodes) and velocity is defined at the faces 
of the voxels along bonds connecting nodes. Simulation of the mercury intrusion considers that 
the sample is sealed on four faces while experimental parameters are added on two opposing 
faces (top and bottom of pore phase model) to guide mercury flow along one direction. In 
addition, the following parameters were set similar to the laboratory mercury porosimetry: input 
pressure of 3.45 kPa (0.5 psia); output pressure of 414 MPa (60,000 psia); and mercury viscosity 
of 0.0015 Pa•s (1.5 cP). The velocity field and flow rate of mercury is simulated by the XLab 
Hydro with these three parameters set. 
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Mercury intrusion simulation starts with the pore volume already full of mercury where 
all the open pores connected to invaded pores via a throat greater than or equal to the pore entry 
radius become invaded. The pore phase model only contains connected porosity; therefore, only 
mercury intrusion into the effective pore volume is simulated. This permits comparison of the 
effective pore space of the digital model with mercury porosimetry measurements of its 3D-
printed grain phase model as both should contain only connected pores.  
5.4.3 3D Printing 
3D printing involves transformation of a 3D digital model into a tangible object. The size 
and accuracy of the objects as well as the production speed depend on the specifications and 
resolution of a particular 3D printer. Sizes of 3D-printed objects can span from a few mm (less 
than an inch; faster production on the order of minutes) to tens of meters (hundreds of feet; 
slower production on the order of days). 3D printing can either be subtractive or additive. 
Subtractive process deposits a solid block of filament on the build platform and creates the 
geometry of the object by removing the excessive material. Additive 3D printing builds the 
object by stacking up layers of solid or melted filament on a build platform (Ishutov and Hasiuk, 
2014). The thickness of each layer depends on the abilities of a particular 3D printer, but it is 
usually in the range of 25-300 microns. Additive 3D printing technology provides a higher 
resolution and it is commonly used for building fine-scale objects. The principle of layering the 
filament in this process is based on the printing software that calculates horizontal slices 
(polygons) through the digital model. The printhead travels across the platform and deposits 3D 
printing material (plastic, metal, resin, powder, etc.) for each layer, filling each of the slice 
polygons with the material of a given thickness and then moving on to the next layer. If the 
structure of 3D-printed objects is very intricate, support material (composed of the similar 
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filament or dissolvable resin) is required to hold the object during the 3D printing process. Once 
all the layers in the model are built, post-processing steps may be needed to remove support 
material from the model surfaces and void space as well as drying and curing the objects under 
UV light. To make the object stronger, powder-based 3D printing technology involves 
infiltration of the finished objects with a glue that fills open pores and blocks voids when 
solidifies.  
While 3D printing has recently attracted the research interest in geosciences (e.g., Sukop 
et al., 2008; Hasiuk et al., 2015; Ishutov et al., 2015; Head and Vanorio, 2016), its application to 
reservoir rock analysis is still quite novel and requires a thorough understanding of 3D printing 
technologies and its materials. The main advantage of 3D printing is in the ability to transform a 
scanned, digital model into a tangible sample that can be tested in the laboratory. Digital models 
of rock pore systems extracted from the tomographic data can be 3D-printed in multiple copies, 
at different scales, shapes, and sizes to fit laboratory measurement device (such as gas or 
mercury porosimeter). Each rock phase (e.g., grains, macropores, micropores, and fractures) can 
be 3D-printed separately and up-scaled to apply in prediction of reservoir up-scaling. Because 
the digital input model for reservoir rock is extracted from the tomographic data, the quality of 
3D-printed models depends on the accuracy and resolution of these data. Nonetheless, 3D 
printing digital porosity models represents an additional tool for calculating fluid transport 
properties against validating the digital rock calculations.  
In this study, the original rock samples of the Fontainebleau sandstone were absent; our 
main objective was to reproduce lab-testable models that can potentially be used for measuring 
petrophysical properties (such as porosity and permeability). The volume of the original 
tomographic data for the FB11 sample was (2.91 mm)3 (0.11 in)3. At the time of this 
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experimental study, a 3D printer (Nanoscribe) that could potentially create an accurate, 1:1 
physical copy of the FB11 sample was not available for outsourcing services and the price for 
this machine is very high. It was therefore necessary to up-scale the digital model for printing it 
out on the 3D printer we did have access to. 
This need for up-scaling does impose some limitations, which we anticipate to become 
less of an issue as 3D printing technology continues to improve. Moreover, the need to up-scale, 
afforded us to investigate how various scale factors affect the porosity-permeability relationship 
for the FB11 sample and how the smallest elements—pore throats—could still be reproduced at 
different scales. The smallest pore throat diameter for the Fontainebleau sandstone samples with 
11%-porosity is 30 microns (Bourbie and Zinszner, 1985; Lindquist et al., 2000) and the 
resolution of gypsum-based 3D printers is about 150 microns. To make those pore throats 3D 
printable, the smallest up-scaling factor had to be 5x. The grain phase model (where pores are 
void) was also up-scaled at 10x and 15x scales to test if the pore system copies can be replicated 
at different magnifications and how it affects the porosity and permeability measurements. 
Before uploading these models into 3D printing software, they were sliced into layers of 0.1 mm 
(0.004 in.) (for example, 5x magnified cube was 14.5 mm or 0.57 in. on each side and sliced into 
145 layers). 
To create lab-testable models of Fontainebleau sandstone, we used Projet-460 Plus 3D 
printer (3D Systems) that is based on binder-jet technology. The 3D-printed models were 
manufactured in a powder material layer-by-layer by spraying a liquid binder onto thin layers of 
powder (0.1 mm; 0.004 in.) (Figure 4). The powder is composed of calcium sulfate hemihydrate 
(calcined gypsum or plaster), and the binder is a cyanoacrylate mixture (3D Systems). Because 
gypsum is a natural material, the surface roughness of 3D-printed models might be closer to 
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silica grains rather than plastic or resin materials commonly used in the majority of 3D printers. 
Each layer of the powder is evenly distributed across the build platform by a roller mechanism. 
After the deposition of each powder layer, the binder is jetted from a printhead across the cross-
sectional area of each slice according to the geometry of the digital model uploaded into the 3D 
printing software (Figure 4A). The build platform is lowered after each layer and a new layer of 
powder is spread on the top of the previously-printed layer. For the grain phase models of FB11 
sample, the geometry was set where the grain phase should be solid and void space remain open. 
When the 3D printing process was complete, the models were supported by loose powder. 
Compressed air was used to remove loose powder from exterior surfaces and as much of the 
inside pore space as possible (Figure 4B). Then 3D-printed copies were dried in the oven for 2 
hours at 40°C (104°F). Finally, the models were impregnated with a glue infiltrant 
(trimethylcyclohexylamine) (3D Systems) that replaced the air and/or moisture left from binding 
(Figure 4C). The resulting models of FB11 sample were dipped in the glue for 30 seconds and 
then were dried on a plastic rack for a few hours (Figure 5). To better determine the repeatability 
of the 3D printing process, two models (A and B copies) were 3D-printed from each of the three 
up-scaled models, labeled 5x, 10x and 15x in Figure 5. 
5.4.4 Laboratory Analysis of Rock Copies 
Porosity, permeability, and pore throat size distribution were measured on the 3D-printed 
models of FB11 via mercury intrusion porosimetry (MIP) (Table 1) on a Micromeritics AutoPore 
IV 9500 device (v1.09). All samples were oven-dried at ~100ºC (212ºF) prior to MIP testing. 
The experiment comprised mercury injection as a non-wetting phase in pore space of 3D-printed 
samples in step-wise pressure intervals from 3.45 kPa (0.5 psia) to about 414 MPa (60,000 psia). 
The pressure required to intrude mercury into the sample’s pores is inversely proportional to the 
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size of the pores, so the maximum pressure was equivalent to intruding pores of ~3 nm (3.94x10-
8 in.). Porosity was calculated by measuring the volume of mercury penetrated into a sample as a 
function of pressure. Pore throat size distribution is calculated from cumulative volume of 
mercury intruded in the sample and the pore throat diameter. A contact angle between 3D-
printed model material and mercury of 130°, a surface tension of 485 dynes/cm (0.485 N/m) and 
a mercury density of 13.5 g/ml (112.7 lb./gal) were used in calculations. The permeability of 3D-
printed models was calculated using the threshold pressure of mercury intrusion, as well as the 
bulk and grain densities of the sample.  
5.5 Results 
5.5.1 Laboratory Analysis of 3D-Printed Models 
New data from mercury intrusion of 3D-printed models of FB11 are shown in Figures 6 
and 7. Comparison of porosity, permeability, and pore throat size distribution among these 
models demonstrates a consistent median pore throat radius, little scatter in permeability, yet 
wide variation in porosity (ca. 10 p.u.) (Table 1). Petrography (Figures 8 and 9) provide a 
detailed look at the materials that make up the 3D-printed models. 
 Pore throat size distribution. Cumulative volume of mercury intruded into a 3D-printed 
model as a function of pressure can be transformed into pore throat size through the Washburn 
equation (Washburn, 1921). Among the 3D-printed models, pore throat size distribution displays 
remarkable uniformity in shape and location despite representing analyses on different 3D-
printed magnifications (5x, 10x, and 15x) (Figure 6). Median pore throat radius displayed similar 
uniformity, only varying from 15.5 to 15.8 microns. 
Permeability. Permeability can be calculated from the mean pore throat and capillary 
pressure size using Swanson’s equation (Swanson, 1981). The permeability values in all 3D-
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printed samples measured by mercury intrusion range over 90 md, from 350 to 443 md (Table 1; 
Figure 7). Among duplicate 3D-printed models (A and B copies), 10x magnification represented 
the closest values in permeability to each other, differing by only 22 md. At 5x-magnification, 
model 5xA was more permeable than model 5xB by 51 md (Table 1). At 15x magnification, the 
difference in permeability between models 15xA and 15xB was 90 md. 
Porosity. Total volume of intruded mercury provides the porosity of the 3D-printed 
model. Despite the uniformity in pore throat size distribution, porosity varied greatly. Despite 
being derived from tomographic data with a nominal porosity of 11%, none of the 3D-printed 
samples had porosity less than 28.3% and they ranged up to 37.5%. Among duplicate 3D-printed 
models (A and B copies), 10x magnification represented the closest values in porosity to each 
other (A = 30.3%; B = 30.8%). In 5x-magnification, copy A is less porous than copy B by 4.6 
p.u. (Table 1). For 15x magnification, the difference in porosity between copies A and B is 9.1 
p.u.  
Porosity-Permeability Transform. Using either a linear (k = 7.88Φ+160.08) or power law 
equation (k = 43.2Φ0.65) gives equal quality (R2 = 0.60) when describing the relationship between 
porosity and permeability of 3D-printed samples. It is definitely not a steep gradient as in 
Bourbie and Zinszner (1985) but the relationships are still constant between porosity and 
permeability. This is caused by a small variation in permeability across the samples while 
porosity ranges between 27-37%.  
 Petrography. To determine the reasons for inconsistency in porosity and permeability for 
3D-printed copies, another copy of FB11 sample with 10x magnification was thin-sectioned 
(Figures 8 and 9). Because copies A and B were destroyed during mercury intrusion test, a third 
copy of FB11 identical to copies A and B was used for petrographic analysis. Two thin sections 
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were cut from one of the 10x 3D-printed models of FB11. One thin section was cut parallel to 
“bedding,” here defined as perpendicular to the build platform of the 3D printer. The second thin 
section was cut perpendicular to bedding. 
One artifact of 3D printing was immediately recognizable: the sample had not been 
completely impregnated with the post-processing glue (Figure 8A and B). When impregnated 
with blue epoxy for thin-sectioning it was obvious that most visible porosity in the outer 4-5 mm 
(0.15-0.20 in.) of the sample had been occluded by the post-processing glue, while abundant 
visible porosity remained in the central portion between the gypsum powder and binder (Figure 
8B). This resulted in two pore network domains within the 3D-printed samples: glued and 
unglued (Figure 8A-C).  
The gypsum grains composing the build material were angular, equant, well sorted, and 
approximately 220 microns in diameter (Figure 8C-E). The binder in 3D-printed samples is 
represented by pale gray areas (Figure 8A-E) and has a brown coating on the gypsum grains in 
optical photomicrograph under plain polarized light (Figure 8B and E). The flow pathways of the 
glue can also be observed on the cut surface of the 3D-printed sample because they have a dark 
gray color (Figure 8A). In the optical photomicrograph under the plain polarized light, the glue 
pathways are clearly traced on the outer rim of the sample and have beige and pinkish colors 
within the large pores on the surfaces of the 3D-printed sample (Figure 8B). Despite the second 
thin-section (Figure 9) being cut perpendicular to bedding, it only showed faint evidence of 
layering at the lowest magnification (Figure 9A). At higher magnifications (Figure 9B1-C2), no 
evidence of layering was observed. The light gray and brown gypsum grains under plain 
polarized light show prominent birefringence in thin-section images with cross polarized light; 
the dark brown grains turn into opaque color under cross polarized light (Figure 9B2 and C2). 
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5.5.2 Digital Analysis of FB11 Tomographic Data 
Digital rock analysis of the FB11 tomographic images yielded a pore size distribution 
with a median pore throat radius of 15.2 microns. Permeability was estimated to be 251 md and 
porosity 12.6%. These are results of five measurements of each property. The porosity and pore 
size distribution computations were constant in all measurements, but the permeability and pore 
size distributions gave different results. All the measurements were conducted on the identical 
pore volume and pore network model generated using only one threshold value (of 130 gray-
level intensity) during tomographic data segmentation.  
5.6 Discussion 
5.6.1 Digital Rock vs. Natural Rock 
We tested how well the (computed) tomography and image analysis can reproduce the 
natural rock’s pore network. In comparison with laboratory results on natural Fontainebleau 
sandstone (Bourbie and Zinszner, 1985), new porosity measurements on FB11 via digital rock 
analysis differed by less than 2 p.u., but permeability was off by 200 md. Mean pore throat radii 
of 15.2 microns corresponds well with the value obtained in the laboratory (15.0 microns; 
Bourbie and Zinszner, 1985). The hypothesized discrepancies in permeability values are 
explained by 1) inaccurate pore network extraction and 2) errors in the mercury simulator 
workflow. Errors in pore network extraction from tomographic data are caused where some 
pores have been removed due to inaccurate thresholding or difficult-to-image pore space (e.g., 
microporosity). With these discrepancies in the extracted pore network, mercury intrusion 
simulation gives inaccurate results on the absolute permeability. If the pores connected in the 
original rock became disconnected in the digital model due to inaccurate separation of pore 
volume into pore body and pore throats, this incorrect input model results in errors of absolute 
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permeability computations. For example, if larger pores (those above imaging resolution) are 
only connected through pores below imaging resolution, then they run the risk of becoming fully 
disconnected in the resulting digital model. 
5.6.2 3D-Printed Rock vs. Digital Rock 
The fundamental test of the ability of 3D printing to “photocopy” a rock’s pore network 
comes from comparing (up-scaled) 3D-printed pore network model to its antecedent digital pore 
network. As can clearly be seen in Figures 6 and Table 1, the 3D-printed rock reproduced very 
well not only the digital rock’s median pore size, but also its pore throat size distribution. Small 
discrepancies in pore throat sizes (locations 1, 2, and 3 in Figure 6) likely represent the 3D 
printing artifacts associated with pore clogging during printing and as a result of incomplete 
post-processing. In particular, peaks 1 and 2 may represent the matrix pores within the gypsum 
powder that were intruded by mercury. Peak 3 may represent the largest pores on the outer 
surfaces of the samples (Figure 6). As small as these artifacts seem, they are likely responsible 
for the factor-of-two difference in permeability between the digital rock (251 md) and the 3D-
printed rocks (350-443 md).  
While the laboratory-measured porosity of the natural rock sample (11%) differs from the 
3D-printed samples (28.3-37.5%), the discrepancies in 3D-printed samples were affected by 
addition of a pore space between gypsum grains and between layers of the gypsum powder. If 
the laboratory porosity for FB11 sample is 11%, the pore throat size distribution should fall 
between curves of FB9.5 and FB14.5 (Figure 1).  
The Porosity-Permeability Relationship. The porosity and permeability for two copies of 
FB11 sample matched only for 10x-up-scaled samples, while 5x- and 10x-magnified copies had 
more than 4 p.u. difference in porosity and more than 50 md difference in permeability. It is 
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possible that the permeability measured by mercury can be representative of the matrix of the 
gypsum powder rather than the designed pores. Perhaps mercury intruded these smallest pores 
located in between gypsum. This can also explain the differences in porosity between copies in 
5x- and 15x-magnifications, where 3D-printed porosity (higher than in literature and digital 
analysis) was caused by addition of the gypsum (matrix) porosity. Because permeability values 
between copies A and B were not similar in MIP results, this matrix porosity could have caused 
discrepancies and non-uniformity in permeability measurements in the printed 3D models. 
 Digital rock analysis results did not match the mercury porosimetry data obtained from 
3D-printed rock. The porosity-permeability relationship laboratory measurements were not 
possible because the original physical samples of the Fontainebleau sandstone no longer exist. 
The discrepancies in digital rock analysis could have resulted from segmentation of the 
tomographic volume into an effective pore network, whereas literature data are reported as total 
porosity (Bourbie and Zinszner, 1985; Lindquist et al., 2000). Moreover, the tomographic 
volumes were sub-sampled into 512-voxel cubes without overlapping, so some portions of the 
tomographic volume might be missing in our dataset that led to incorrect pore network extraction 
and calculation of the absolute permeability. Because the two methods (digital rock analysis and 
laboratory analysis of 3D-printed models) did not yield identical results, the whole workflow 
may be better validated by repeating with up-scaled models, taken from original tomographic 
data (Lindquist et al., 2000). A more accurate pore system analysis could be achieved by 
acquiring tomographic data from a sandstone and 3D printing copies from digital models of the 
same dataset, where pore space measurements and transport properties can be compared from the 
same dataset. 
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5.6.3 3D Printing Artifacts 
Occluded pores. While the 3D printer imparts certain artifacts upon the 3D-printed rock 
(e.g., the faint horizontal lamination parallel to the build plate that can be seen in Figure 9A), the 
major deleterious effect is the retention of unbound powder. The majority of macropores inside 
both domains were clogged with unbound gypsum powder due to insufficient air flow pressure 
during post-processing (Figure 8D). These discrepancies in pore space replications of 3D-printed 
models affected porosity during mercury intrusion experiments as the unglued portion remained 
a lot of void and clogged pore space (Figure 8E). The occluded pores designed from tomography 
data could block mercury from entering the smallest pore throats, reducing permeability (Figure 
9A), whereas matrix pores in gypsum material could remain open during mercury intrusion 
(Figure 9B1). The high pressures in the mercury porosimeter (up to 60,000 psia; 414 MPa) could 
create additional porosity in the 3D-printed models due to damage of the shapes and geometry of 
pore bodies (Figure 9C1). 
  “Resolution” of printhead. Models of the Fontainebleau sandstone were up-scaled and 
this was done to fit with a resolution of 3D Systems Projet-660 printer (150 microns). The 
technology does not allow deposition of individual grains and then the cementing of those grains 
into the rock; therefore, our 3D-printed models were built differently than natural sandstones. 
When the layer of powder is coalesced by binder, the dry powder left in each layer represents a 
“pore.” Therefore, the designed “grain” in the model is manufactured by spraying the binder on 
the dry powder that can leave the pores open because the aperture of the binder printhead is 
larger than the minimal pore size. If these pores are not filled with glue later in the post-
processing, this pore volume will be added to the total porosity during laboratory analysis. The 
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“resolution” of the printer for grains can be determined by the minimal distance between pores in 
the layer of solid without breaking the layer.  
Gypsum (matrix) porosity. In order to match porosity of the up-scaled models in replicate 
prints, the matrix porosity associated with the gypsum powder build material needs to be 
minimized. One of the solutions to reduce the matrix porosity is to develop a post-processing 
practice where the infiltrant occludes the matrix pores, but leaves the designed macropores open. 
At a minimum, the amount of the matrix porosity can be estimated and subtracted from the 
designed model porosity. For example, if a digital pore network is designed to have 20% 
porosity, yet a 3D-printed model of that pore network demonstrated 25% porosity during 
laboratory measurement, it could be surmised that the gypsum powder contains 5 p.u. (that is 
subtracted from future 3D-printed models). 
Post-Processing. The mismatch between literature and mercury porosity measurements 
can also be caused by increasing pore body diameters during cleaning the samples by 
compressed air (as a post-printing step), where pores with originally 3D-printed shapes were 
damaged by compressed air. In addition, the excessive powder remained in pores after 3D 
printing might have been transported by air from pore to pore through pore throats. The 
repeatability of 3D printing two copies (A and B for each digital model) from the same rock data 
shows a non-uniform distribution of porosity-permeability relationship (Figure 7), but a uniform 
mode for pore throat size distribution for copies A and B in each sample (Figure 6). Because the 
samples were not properly cleaned after 3D printing, pores clogged with powder inside the 
samples could have been destroyed under high pressures during the mercury injection analysis 
that distorted the pore space and produced incorrect measurements of porosity and permeability. 
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5.6.4 Assessing the potential for 3D Printing of Rock Samples 
Powder-based, binder-jet 3D printing method did not perfectly replicate the pore system 
of the studied sample of the Fontainebleau sandstone. While lab-measured porosity was too high, 
permeability and pore throat size distribution are close to laboratory measurements. Although 
this 3D printing method is currently one of the few techniques (in addition to laser sintering) that 
involves natural mineral powder and offers high-resolution for manufacturing large pores (over 
150 microns), the issue with support powder removal presents a significant challenge. The pores 
inside 3D-printed samples could be cleaned more effectively if their size is twice as large as the 
nozzle diameter of the airflow gun. Because the 3D-printed models are made of natural gypsum 
powder, the surface roughness of the printed model may not be similar to the natural rocks. 
While the binder and infiltrant applied to 3D-printed samples change surface roughness, these 
substances do not fully penetrate inside the sample leaving the contacts between grains as well as 
grains themselves not completely coated. This results in the additional pore space introduced 
towards the total measured porosity. Therefore, these 3D-printed samples cannot be used in core 
flood experiments as they are fragile and contain two phases – dry gypsum inside and an 
infiltrant-coated gypsum crust.  
Other 3D printing to be investigated for higher accuracy and resolution include 
stereolithography and photopolymerization. Although surface physics and chemistry of polymers 
and organic resins are different from natural rocks, these materials do not require support to hold 
the model structure nor do they require extensive post-processing. In addition, the resolution of 
3D printers using these technologies is much higher than in powder-based machines — 1 
microns for pores and 5 microns for solid elements (e.g., 3D Systems and Nanoscribe 3D 
printers). 
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In order to non-destructively assess the discrepancies associated with the tomographic 
data segmentation and 3D printing, copies of identical digital pore networks need to be 
reproduced in multiple materials (e.g., photopolymer, resin, and gypsum materials). 
Tomographic scans (Figure 10 A and B) and laboratory measurements (e.g., helium and mercury 
porosimetry) of these models could assess the extent to which each material can reproduce pore 
systems. Because 3D-printed models have two phases (solid “grains” made from 3D-printed 
material and air-filled “pores”), tomographic image segmentation should provide the bimodal 
distribution in the intensity histogram (Figure 10C). The threshold between the grains peak and 
pore peak can be easily discerned in such a histogram and the digital rock analysis should 
provide accurate computations of porosity and permeability. 
5.7 Conclusions 
Attempts to resurrect the dead often yield unexpected results (Shelley and Butler, 1994). 
In this case, our attempt to bring a long since discarded rock sample back from the digital ether 
yielded a chimera. A model of a sandstone made out of gypsum with the pore throat sizes and 
permeability of the natural rock, but a porosity four times too high.  
  3D printing technology provides a novel, alternative method for laboratory testing of 
digital rock models made from scanning natural rock samples (Table 2). Laboratory 
petrophysical and flow tests can be performed on these copies of pore space and grain matrix in 
addition to or instead of the original reservoir rocks. The 3D-printed models of the Fontainebleau 
sandstone produced in this study was made of gypsum material and showed a linear porosity-
permeability relationship. However, laboratory results differ from literature and digital rock 
analysis due to pitfalls in the post-processing of 3D-printed models and due to erroneous micro-
pore porosity values measured with mercury porosimetry.  
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  While pore throat size distribution is consistent among all 3D-printed samples, digital 
rock analysis and the literature laboratory testing, the 3D-printed samples showed higher 
porosity. This increase is attributed to additional matrix porosity introduced in the course of 3D 
printing or resulted from damaging the pore geometry during post-processing with compressed 
air. Differences in permeability between 3D-printed samples are assumed to be caused by the 
clogging of pore space by gypsum particles during or after 3D printing. In addition, the glue 
infiltrant applied to samples after 3D printing could occlude the pore throats, excluding them 
from the effective pore system. 
A major drawback of many current 3D printers is that they are currently not able to 
reproduce pore networks at their original scale. This study, however, shows that identical 
permeability and pore throat size distribution were obtained from 3D-printed models that had 
been up-scaled by factors of five, ten, and fifteen. This increase in the pore systems’ scale likely 
causes inconsistent results when quantifying porosity-permeability relationships on other data 
from the same rock because the up-scaling factor changes in properties like fluid pressure, 
velocity, and viscosity. However, it is reasonable to assume that, over time, 3D printing 
technology will increase in capabilities such that ultimately, the 3D printing of porous rock 
models will move closer to a true 1:1 replication of the natural rock. 
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Figures 
 
 
 
Figure 1. Fontainebleau sandstone samples. (A) and (B) Thin sections injected with red epoxy 
(black on microphotographs) to visualize porosity. (C) Mercury porosimetry results for a range 
of samples with various total porosity. After Bourbie and Zinszner (1985).  
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Figure 2. Workflow for reconstruction of physical samples of Fontainebleau sandstone from 3D 
tomographic data. The main steps of the workflow are numbered and placed next to red arrows. 
Orange boxes (in color version) represent resurrection path of tomographic data for 
Fontainebleau samples into 3D-printed models that are tested for petrophysical properties. 
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Figure 3. Digital rock analysis for Fontainebleau sandstone. (A1-2) Phase extraction included 
segmentation of the tomographic volume into pores (blue in color version) and grains (gray) 
based on image intensity histogram. (B1-2) Digital volumes of grains were filtered and 
transferred into 3D-printed models; digital pore volumes were used for calculation of porosity, 
pore throat sizes, and permeability. (C1-2) Skeletonization process allowed creating pore 
networks for fluid flow simulation.  
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Figure 4. Schematic of binder-jet 3D printing process. (A) The roller spreads an even layer of the 
gypsum powder on the build platform; a printhead sprays the binder across the powder layer in 
the areas that should be solid (“grains”) in accordance with the digital model; the build platform 
moves down and the roller spreads another layer of powder on the top of the bound layer. The 
whole process finished after the last layer has been deposited and bound. (B) Because the 
“pores” are filled with dry (unbound) powder, the model undergoes post-processing steps that 
include drying and cleaning of pore space with compressed air. (C) To increase the strength of 
the model, the last post-processing steps involves placing 3D-printed samples into the glue 
infiltrant for 30 seconds. Not to scale. Partially redrawn after Pham and Gault (1998). 
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Figure 5. 3D-printed gypsum models of FB11 sample. 5x, 10x, and 15x refer to up-scaling 
factors applied to the original tomographic volume (2.9-mm (0.11 in.) cube) to make it printable 
according to 3D printer’s resolution (150 microns for pores). Material: Gypsum Powder 
(CaSO4•0.5H2O). 3D printer: ProJet-460Plus (3D Systems). Layer thickness: 0.1 mm (0.004 in.). 
Minimum feature (the smallest grain in 3D-printed sample): 0.15 mm (0.006 in.). 
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Figure 6. Compilation diagram of pore throat size distributions for FB11. Overlapping pore 
throat size distributions between digital analysis and mercury porosimetry results from both 
natural rock (Fontainebleau sandstone) and 3D-printed samples (labeled as 3D-printed in the 
legend). FB11 digital represents computations of pore throat size distribution from digital rock 
analysis performed on FB11 tomography data in this study. FB9.5 curve is the same as in Figure 
1 that corresponds to a sample of Fontainebleau sandstone with a porosity of 9.5% (after Bourbie 
and Zinszner, 1985). FB13 digital is taken from Lindquist et al. (2000). Both FB 9.5 and FB13 
are labeled as Literature in the legend. Ranges of 1, 2, and 3 for pore throat diameters on the plot 
represent the 3D printing artifacts associated with pore clogging and incomplete post-processing.  
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Figure 7. Compilation diagram of results from mercury porosimetry and digital rock analysis 
performed on FB11 sample. Black trendline and black data points are a porosity-permeability 
relation (with power law equation and linear regression fit – R2) for high porosities (>9%) 
established for Fontainebleau sandstone by Bourbie and Zinszner (1985). Light-blue trendline (in 
color version) is a porosity-permeability relationship (with power law equation and linear 
regression fit – R2) of 3D-printed samples established with mercury injection porosimetry (MIP). 
In the legend, 5x, 10x, and 15x represent data for 3D-printed samples of FB11 with the 
corresponding magnifications. In the equations: k – permeability; Φ - porosity. Purple data point 
represents porosity-permeability relationship obtained from digital rock analysis. Permeability 
(y-axis) has a logarithmic scale. 
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Figure 8. Petrography of a 10x 3D-printed model of FB11. (A) Gypsum model cut in half to 
reveal glued and unglued domains induced during post-processing. (B) Plane-polarized light 
photomicrograph of an entire thin section made parallel to “bedding” (A), parallel to 3D-printed 
layering. (C), (D), and (E) represent close-up areas shown as boxes in (B). Yellow arrows (in 
color version) in (A, B, C) indicate the boundary between glued and unglued domains. (C) 
Photomicrograph of the transition zone (between glued and unglued domains) in the 3D-printed 
sample. (D) Photomicrograph of glued domain taken in plane-polarized light. (E) 
Photomicrograph of the unglued domain taken in plane-polarized light. 
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Figure 9. Photomicrographs from a thin section made perpendicular to “bedding” for the same 
FB11 sample as in Figure 8. (A) Plane-polarized light photomicrograph of entire thin section. 
(B1-B2) and (C1-C2) correspond to close-up areas shown as boxes in (B). Yellow arrow (in 
color version) in (A) indicates the boundary between glued and unglued domains. (B1) 
Photomicrograph of the transition zone between glued and unglued domains under plain 
polarized light. (B2) The same area of (B1) under cross polarized light. (C1) Photomicrograph of 
the unglued domain taken in plain polarized light. (C2) The same area of (C1) under cross 
polarized light. Pores in the unglued zone are either filled with gypsum powder or blue epoxy.  
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Figure 10. Workflow for tomography scanning and digital rock analysis of 3-D printed samples. 
(A) The 3-D printed sample can be scanned with tomography (B) to obtain digital model of the 
rock. (C) The distinct bimodal distribution of pore and grain volumes in the intensity histogram 
enables more accurate image segmentation.  
 
 
 
 
 
 
 
 
 
 
 
 
149 
 
 
Tables 
 
 
Table 1. Comparison of petrophysical measurements on Fontainebleau sandstone sample used in 
this study. All samples in the table except for FB11 Digital, FB13 Digital, and FB11 Laboratory 
represented 3D-printed copies of FB11 digital model. 
 
 
Sample Weight 
(g) 
Porosity 
(%BV) 
Permeability 
(md) 
Grain 
density 
(g/cm3) 
Bulk 
density 
(g/cm3) 
Median pore 
throat radius 
(microns) 
FB11_5x_A 1.7 32.9 443.2 2.12 1.42 15.5 
FB11_5x_B 1.8 28.3 392.0 2.02 1.45 15.5 
FB11_10x_A 3.4 30.3 419.5 2.18 1.52 15.5 
FB11_10x_B 2.2 30.8 398.0 2.21 1.53 15.5 
FB11_15x_A 3.7 37.5 440.6 2.32 1.45 15.8 
FB11_15x_B 3.5 28.4 349.6 1.24 0.89 15.8 
FB11 Digital - 12.6 251.4 - - 15.2 
FB13 Digital1 - 13.1 - - - 21.3 
FB11 Lab2 - 11 454.7 - - 15.0 
1Lindquist et al. (2000) 
2Bourbie and Zinszner (1985) 
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Table 2. Comparison of rock testing approaches used in this study. Refer to Figure 2 for main 
steps on rock analysis. Time for each approach is estimated as follows: 1) natural rocks - time of 
mercury porosimetry test per sample; 2) digital rock analysis - time for acquisition and 
processing of tomographic data and implementation of digital rock property workflow (e.g., in 
Avizo); and 3) 3D-printed rocks – a total time of 3D printing a sample, digital rock analysis, and 
laboratory analysis (mercury porosimetry). The costs for each approach are estimated as follows: 
1) laboratory analysis of natural rock -vendor’s quote on mercury porosimetry test per sample; 2) 
digital rock analysis - vendor’s quote on tomographic data acquisition and processing, and 
implementation of digital rock property workflow (e.g., in Avizo); 3) laboratory analysis of 3D-
printed rock represents a sum of vendor’s costs for 3D printing a sample ($25),the cost of digital 
rock analysis, and the cost of laboratory analysis (mercury porosimetry) per sample.  
 
 
 Laboratory Analysis 
of Natural Rock 
Laboratory Analysis 
of 3D-printed Rock 
Digital Analysis 
of Rock Model 
Time per sample1 Hours to Days Hours to weeks Days to weeks 
Cost per sample1 c. $500 c. $525-925 c. $100-400 
Advantages Natural measurements 
of rock properties 
Fast; Repeatable; Non-
destructive2; Natural 
measurement of model 
properties; Can analyze 
completely synthetic pore 
networks 
Fast; Repeatable; Non-
Destructive; Can 
analyze completely 
synthetic pore networks 
Limitations Slow; Non-repeatable; 
Destructive; Can only 
analyze natural 
samples and simple 
synthetic models (e.g., 
grain packs) 
Depends on data quality 
and 3D printing 
method/material 
Depends on the data 
quality and faithfulness 
of simulation 
algorithms 
1Sample represents a 3-cm cube (1.2 inches) 
2Of original natural rock sample 
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Abstract 
 
3D printing is a novel tool that transforms digital models into physical proxies, allowing 
geoscientists to accurately replicate complicated 3D pore networks of sedimentary rocks. Perfect 
rock replication would copy the geometry and the mineralogy of the rock, as well as the 
properties that arise from them. We provide a case study which demonstrates a rock replication 
system for building accurate pore network proxies using stereolithography 3D printing. A typical 
workflow for producing proxies from digital 3D data involves two steps: model design and 3D 
printing. In this study, we explore how the addition of two steps (post-processing and validation) 
can reduce uncertainty in the 3D-printed proxy accuracy. 3D-printed proxies are validated by: 1) 
helium porosimetry, and 2) digital measurements of porosity from thin-section images of 3D-
printed proxies as well as from tomographic images of the original rock specimen. Digital 
models of solid cubes and cylinders (porosity = 0%) and idealized pore network lattices (porosity 
= 50%) were 3D-printed and validated using helium porosimetry. Helium porosities of the 3D-
printed proxies differed from digital calculations by up to 7%. The resolution of the 3D printer 
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was determined by building solid wafers with simple pore-throat geometries and by measuring 
the smallest open channel on the optical images of each wafer. This resolution (400 µm) was 
insufficient to build porosity on a scale of tens of microns (e.g., Fontainebleau sandstone with 
13% porosity and 30-µm pore throats); hence proxies with 15-, 23-, and 30-fold magnifications 
were used to validate the workflow. Results were improved (difference ~1%) after pressurized 
flushing of ethanol through the 3D-printed proxies but high-resolution imaging (e.g., SEM) and 
gas sorption porosimetry is needed to quantify the artifact porosity of a 3D-printed resin. This 
study shows the benefits of including post-processing and validation in any workflow to produce 
porous rock proxies.  
6.1 Introduction 
Geoscience has a strong tradition of fieldwork, but advances in digital rock research now 
support the exploration of geologic processes via experimental and computational methods that 
occur over time or length scales and are difficult to measure in the field. Accurate 
characterization of rock properties depends on the careful selection of representative samples that 
can be used to define scaling relationships between natural, experimental, and computational 
results. Early experimental analysis of pore-scale properties in sedimentary rocks involved 
synthetic and natural sand grains (Rogers and Head, 1961). In those studies, rock samples were 
impregnated with epoxy to fill pore space and grains were then dissolved away to form pore 
casts enabling the visualization of pore geometry and connectivity. Pittman and Duschatko 
(1970) attempted to calculate porosity and permeability from pore casts to understand fluid flow 
in natural rock samples. Several problems with this approach were reported (Pittman and 
Duschatko, 1970; Lin and Hamaskai, 1983): 1) isolated pores were not epoxy-impregnated; 2) 
small pore throats (<30 µm) were not epoxy-impregnated; 3) trapped air was observed in the 
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solidified epoxy within the pore space; and 4) grain dissolution distorted pore geometry. Digital 
modeling and simulation (e.g., Blunt et al., 2001; Pak et al., 2016) offer a faster and more 
accurate way to build rock models and calculate their transport properties than a pore cast 
approach. 
Computational methods used to analyze rock properties and processes are typically based 
on analog or image-derived geometries of natural rocks. The approach makes it possible to 
simulate coupling between physical and chemical processes (e.g., diagenesis) and to predict 
transport properties on digital pore networks (Ryazanov et al., 2009; van der Land et al., 2013). 
Laboratory analysis of rock properties commonly involves destructive testing (e.g., core 
flooding, mercury porosimetry) which prevents the re-use of the same rock sample in multiple 
tests. Moreover, the heterogeneity of natural rocks — even on very small length scales (<1 mm) 
—makes it difficult to locate samples with similar properties and hinders accurate comparisons 
(Guice et al., 2014; Norbisrath et al., 2015). Therefore, validation of numerical simulations of 
pore-scale processes via laboratory experiments performed on natural rock samples is limited by 
the low likelihood of locating a sample that matches the digital model geometries (Andrä et al., 
2013; Noiriel, 2015). 
3D printing is an emerging tool in geoscience that can advance fundamental knowledge 
of properties and processes in porous sedimentary rocks and link computational and 
experimental analyses. We present a new replication system for porous rocks (referred herein as 
3D-printed proxies; Ishutov et al., 2017a) using stereolithography (SLA) and an improved 
workflow for proxy post-processing that were validated with laboratory tests and image analysis. 
While the rock replication workflow was developed in previous studies (e.g., Ishutov et al., 
2015; Ishutov et al., 2017a,b), post-processing, and validation were not clearly defined as 
154 
 
 
significant steps and were carried out by vendors. Ishutov et al. (2017b) involved 3D printing of 
Fontainebleau sandstone proxies from the same rock dataset (tomographic volume from 
Lindquist et al., 2000) used in this study; however, the 3D printing method (binder deposition of 
mineral powder) and validation (mercury porosimetry) were different and provided by a vendor 
(Ishutov et al., 2017b). In addition, post-processing was also carried out by the vendor without a 
proper cleaning of pore space. The combinations of these factors resulted in discrepancies in 
mercury porosimetry data for Fontainebleau sandstone proxies. This study describes a rock 
replication system that employs different 3D printing, post-processing, and validation methods, 
with a full control on replication and experimentation of rock proxies, to ensure accurate 
replication of natural rock’s pore system.  
SLA was chosen as 3D printing technique in this study because it had a potential to 
reduce the uncertainty in replication of pore system artifacts by improving the post-processing 
step, i.e. cleaning the proxy pore space from residual resin. SLA is one of the first 3D printing 
techniques developed in 1980s (Hull, 1986) that is within affordable price range for 3D printers 
with such resolution and accuracy (75 µm and 50 µm, respectively; Ishutov et al., 2017a). This 
technique involves a laser to solidify individual model layers in a liquid resin. While the 
technique has been improved (Farré-Lladós et al., 2016), it still lacks the ability to replicate 
features at the scale of natural rock samples (e.g., nm-µm pores). Studies have shown that pore 
network proxies, 3D-printed using SLA, can include artifacts of the 3D printing process (e.g., 
Bacher et al., 2014; Head and Vanorio, 2016). Resin can be trapped in the fine-scale pores of the 
rock proxy and/or 3D-printed proxy surfaces may be warped or irregular. These artifacts affect 
the final proxy quality and arise due to insufficient post-processing or misorientation of the rock 
proxy in relation to the build platform. Our workflow provides a simple approach to reduce 
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surface artifacts and remove trapped resin, yielding a more accurate representation of the digital 
pore network.  
The proposed workflow enables 3D printing of resin-based proxies that replicate the 
porosity of a natural sandstone. This workflow was tested using a computed tomography (CT) 
volume of Fontainebleau sandstone with 13% porosity and 30-µm effective pore throat diameters 
(Lindquist et al., 2000). The 3D-printed proxy of Fontainebleau sandstone was magnified 15-, 
23-, and 30-fold. As a result, the pore-throat diameters ranged between 450 µm and 900 µm. 
Porosity was validated with helium porosimetry because it is a repeatable, quick, and non-
destructive analysis. Thin-section images provided 2D estimations of porosity and visualizations 
of pore-scale geometry of rock proxies. Helium porosity was compared with digital porosity 
calculations from the original CT data and thin-section images of the rock proxies. An advantage 
of this workflow is that it can easily be modified to accommodate other pore and proxy sizes 
according to the resolution of the 3D printer and the dimensions of the original digital model. 
With advances in resolution and materials for 3D printing, we anticipate that more complicated 
geometries and higher accuracy will be achievable for rock proxies in the future. 
6.2 Methods 
6.2.1 Workflow and System Setup 
 
The rock replication system presented comprises four main components (Fig. 1A): 1) 
digital model design; 2) manufacturing or 3D printing; 3) post-processing by cleaning and oven 
drying; and 4) validation through helium porosimetry and thin-section image analysis. Digital 
model design involves conversion of rock images or digital designs into 3D-printable proxies 
with accurate representation of the intended geometries (pores and grains) and their sizes. SLA 
3D printing builds a rock proxy layer-by-layer (just as in nature). Prior to 3D printing, digital 
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models are “sliced” into layers with a controlled thickness (usually 25-100 µm) and those layers 
are coded into instructions for how the 3D printer should produce each layer. Validation of rock 
proxies begins with computation of properties (e.g., porosity) on the digital model (Fig. 1A). 
SLA 3D printing uses layer-hardened resin to build the physical proxy (Fig. 1B1-B5). Pore space 
in 3D-printed proxies commonly contains residual liquid resin. This resin remains in the pore 
space because surface tension exceeds the force of gravity and the resin cannot escape. The 
trapped resin needs to be expelled to ensure the most accurate replication of digital model 
properties, in this case – porosity. In our workflow (Fig. 1A), this is accomplished by first 
submerging the proxy in ethanol to remove liquid resin adhering to the proxy surface. Once the 
external resin is removed, the proxy is flushed under pressure with ethanol to remove any 
remaining resin from the interior pore network. The next step involves measurement of rock 
proxy properties (e.g., porosity, pore throat sizes) via porosimetry (e.g., helium or mercury) or 
digital imaging (e.g., computed tomography or microscopy). Finally, properties calculated on the 
original digital models and 3D-printed proxies are compared (Fig. 1A). 
6.2.2 3D Printer and Materials 
A FormLabs Form2 stereolithography 3D printer was used in this study. This SLA printer 
builds a solid object, layer-by-layer, as a laser hardens a photo-reactive liquid resin. The laser has 
a wavelength of 405-nm (violet) with 140-µm spot size and the printer has a maximum build size 
of 145x145x175 mm. The 3D-printing process starts with filling a production tank (held at a 
temperature of 35°C) with liquid resin. The production tank is lined with a clear, non-stick 
silicone window on the bottom through which the laser beam will pass and react with the resin 
(Fig. 1B1). The build platform moves down into the resin tank until it is one model layer away 
from the silicone window on the bottom (Fig. 1B2). The physical thickness of model layers is 
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chosen by the user and can range from 25 µm to 100 µm. In this study, a 25-µm layer thickness 
was used for all models to achieve the highest resolution in the Z-direction. The plan-view 
geometry of a model layer is produced by the laser beam rastering across the bottom of the resin 
tank. The photo-reactive resin is solidified on the build platform as it is illuminated by the laser. 
After a layer is produced, the build platform moves up and a sweeper arm agitates the liquid 
resin in the tank to remove air bubbles and ensure even resin distribution on the bottom of the 
tank (Fig. 1B3). The platform then moves downward again, repeating the layer-building cycle 
until all model layers have been produced. Any internal pores within the 3D-printed proxy are 
filled with uncured liquid resin that drains from connected pores after the process is complete 
(Fig. 1B4).  
The accuracy of the proxy is controlled by hardware that moves the laser repeatedly 
across the build platform hundreds to thousands of times per second. The resolution of a 3D 
printer depends on the laser wavelength, minimum feature size (solid or pore), and post-
processing approach. For porous sedimentary rocks, the minimum grain size that can be 
produced is linked to the layer thickness (e.g., 25-100 µm for the Form2). The minimum pore 
size is calculated using a different approach and is addressed in the subsequent section on 
resolution wafers. The dimensions of the 3D-printed proxy and layer thickness affect the build 
time. Larger and less porous proxies with finer layer thicknesses take longer to 3D print. For 
example, 3D printing a 1-cm3 cube with 0% designed porosity and 25-µm layer thickness takes 
about 120 minutes in comparison to 40 minutes for the same cube with 50% porosity and 100-
µm layer thickness. 
Two types of resin, clear and black, were tested on the Form2 to build solid and porous 
models. Both resins have similar chemical and physical properties (Table 1): specific gravity of 
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1.09 g/cm3-1.12 g/cm3, a flash and boiling point of 100°C, and a viscosity of 850-900 cps at 
25°C. These resins are both methacrylates in composition with a photoinitiator that catalyzes a 
chemical reaction to facilitate molecule solidification of material when laser light is absorbed 
(Pham and Gault, 1998). Models built in either of the two resins should have the minimum layer 
thickness of 25 µm. This study found that proxies, 3D-printed in the clear resin, have smoother 
surfaces and are more transparent with a 25-µm layer thickness. Nonetheless, porous proxies, 
3D-printed in a black resin, have higher geometric accuracy for solid and pore elements. The 
opaque nature of the black resin prevents stray laser light from dispersing into the medium 
causing erroneous solidification, as seen with the clear resin. For these reasons, we used black 
resin to 3D print all models in this study. 
6.2.3 Post-processing System 
Post-processing proved to be an important stage in producing accurate proxies (Fig. 2A). 
Post-processing involves two steps: 1) rinsing 3D-printed proxies in ethanol (Fig. 2B); and 2) 
pressurized flushing of proxies with ethanol (Fig. 2C). The first step involves submerging 
proxies in ethanol for 30 minutes to rinse exterior surfaces and clean pores that intersect the outer 
surface of the proxy. The second step is a more intense procedure (Fig. 3A-B) that involves 
flushing the proxy with ethanol under pressure. Compressed air flows through an inlet valve 
controlled by a pressure gauge. A gauge valve controls the flow of compressed air into a 
polyvinyl chloride (PVC) tube that is sealed by applying grease, if necessary, to a vessel cap. 
Compressed air flows through the PVC tube into the vessel interior which is filled with ethanol. 
A 3D-printed proxy is placed into the vessel and air is vacuumed out prior to filling with ethanol 
by turning on the gauge valve. The Washburn equation (1921) is applied to determine the 
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minimum pressure required to fill the smallest pore throats in a 3D-printed proxy with ethanol. 
For an air-fluid-solidified resin system: 
,  
where: 
P - pressure to push the fluid into pores (in dynes/cm2; 1 psi = 69035 dynes/cm2), 
r - pore throat radius in a 3D-printed proxy (in cm), 
σ - interfacial tension of the air-fluid-solidified resin surface (in dynes/cm), 
θ - air-fluid contact angle on the surface of a 3D-printed proxy (in degrees). 
The flushing procedure has two cycles: 1) flushing with ethanol; and 2) flushing with air. 
The ethanol-flush cycle starts with a controlled opening of the valve to fill larger pores (>100 
µm) with ethanol. The valve is opened very slowly until the pressure gauge reads 1 psi. Next the 
valve is fully opened to 40 psi so that compressed air pushes ethanol through smaller pores 
(<100 µm). The ethanol-flush cycle process is repeated at least three times on each proxy to 
ensure thorough cleaning of pore space from residual resin. Flushed fluids (air and ethanol) are 
released through an outlet into a Büchner Flask to trap liquids and allow air to vent. An outlet 
nozzle diameter ranging from 3 to 5 mm is optimal to avoid breakage due to increased pressure. 
A metal or plastic mesh collector on top of the outlet will also reduce the amount of ethanol 
escaping from the vessel. Discharged ethanol in the Büchner Flask can be reused for multiple 
flushing cycles.  
The second air-flush cycle involves cleaning the proxy with compressed air in the same 
vessel after the third ethanol flushing. This air-flush removes residual resin and ethanol from 
internal pore space and external surfaces. The flushing procedure remains the same, with air 
replacing ethanol: pressure is increased from 0 to 1 psi and then from 1 to 40 psi.  
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After both ethanol and air flushing cycles, the proxy is placed in an oven for two hours at 
80°C. This temperature is chosen because it is lower than boiling and flashing points for 3D 
printing resin while encouraging the evaporation of any residual ethanol or water from the proxy 
surfaces and pores. The proxy is then stored in a desiccator until validation. 
Ethanol (ethyl alcohol) was used because it is readily abundant and low cost. Other 
organic solvents (e.g., isopropyl alcohol) could be substituted, provided they are not corrosive to 
the proxy resin. We advise a simple test method for other solvents: measure the dimensions 
and/or weight of a 3D-printed proxy before and after submergence in the proposed solvent for 
one hour. If the dimensions/weight show no change, then test the same proxy and solvent using 
pressurized flushing. If the dimensions/weight are again unchanged, then the solvent is safe to 
use.  
6.3 Validation 
 
The workflow presented here, including post-processing (Fig. 1A), was tested in three 
ways. First, the 3D printer’s nominal resolution was determined using optical microscopy images 
of pores in resolution-testing wafers. Second, porosity of solid cylinders was validated by helium 
porosimetry before and after post-processing. Finally, porosities of rock proxies replicated from 
a Fontainebleau sandstone were validated by helium porosimetry before and after post-
processing. Helium porosities of rock proxies were compared with digitally calculated porosities 
from CT data and thin-section images of rock proxies. 
6.3.1 Resolution-Testing Wafers 
3D printers are designed to build solid objects. Few, if any, are designed ab initio to build 
intricate pore networks. No manufacturer specifies the smallest pore size their 3D printer can 
produce. To explore the minimum possible pore size that could be 3D-printed, digital computer-
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aided design (CAD) models were designed to test the accuracy of replicated pores with a given 
digital measurement.  
The resolution-testing proxies were wafers which included through-going pores with 
circular and rectangular cross-sections. Two wafer designs were 3D-printed in a black resin, each 
with a total thickness of 5 mm, a length of 50 mm, and a width of 10 mm: 1) two rows of 
cylindrical tubes where the first row ranged in diameter from 100 to 1000 µm with 100-µm 
increment and the second row ranged from 40 to 400 µm with 40-µm increments (Fig. 4A1-A2); 
and 2) a series of rectangular channels with apertures that ranged from 200 to 2000 µm with 200-
µm increments (Fig. 4B1-B2). These wafers were designed to establish the minimum pore throat 
size that can be accurately printed when building porous rock proxies on the Form2 printer. The 
wafers were 3D-printed with a 3-mm base attached to build platform and support spines (each 
with a cross-sectional area of 1-mm2) to hold the wafers to the base and thus the build platform. 
This 3D printing approach allowed us to minimize the effects of surface warping and clogging of 
the channels on the surfaces of proxies attached to the build platform.  
Diameters of pore cylinders measured on the optical images of the first wafer matched 
within 2.5% to the designed sizes (Fig. 4A2, B2). The smallest pore cylinder that was clear and 
open on the top and bottom surfaces had a diameter of 390 µm and the geometry of this cylinder 
was similar but not identical to the original design due to a minor surface irregularity (Fig. 4A1). 
In the second wafer, the 400-µm channel geometry was well replicated and channel apertures 
(390 µm) matched the designed model within 2.5% (Fig. 4B2). Results show that a 400-µm 
diameter for cylindrical and rectangular pore models is the minimum size at which accurate pore-
throat replication is possible.  
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6.3.2 Accuracy-Testing Proxies 
 
Solid Proxies.3D printing materials and methods may cause “artifact” porosity to form 
which adds to the digitally designed porosity in a 3D-printed proxy (Butscher et al., 2012; 
Osinga et al., 2015; Ishutov et al., 2017b). To determine the amount of the artifact porosity that 
can be expected, twelve solid proxies (six cubes and six cylinders) with 0% designed porosity 
were 3D-printed in a black resin. The solid proxies were printed using the same parameters 
described previously for the resolution-testing wafers. Each proxy was then post-processed using 
the multi-step workflow outlined above.  
Proxy dimensions were measured with digital calipers (Mitutoyo CA–10-8”; precision = 
10 µm) and used to calculate the bulk volume (Table 2). For the solid cubes, the mean percent 
difference in the length1 was -0.12%, in the length2 was -0.19%, and in the length3 was +0.63% 
(Fig. 5A; Table 3). For the solid cylinders, the mean percent difference in height was +0.02% 
and in diameter was +0.10% (Fig. 5A; Table 3). 
 A comparison with digital calculations of bulk volume revealed that the six cubes were 
on average 0.31% larger while the six cylinders were on average 0.23% larger (Table 3). The 
reason for the wider variation in solid cylinder bulk volumes cannot be limited to any of the 
height, the length, or the diameter as all parameters displayed similar ranges of variation. 
The mass of each solid proxy was measured on a Mettler Toledo ME204E analytical 
balance (precision = 0.0001 g) before and after ethanol flushing (Table 2). After flushing, the 
mass of the cubes decreased on average by 0.63% and the mass of cylinders decreased on 
average by 0.89% (Table 3). This reduction in mass probably resulted from the loss of liquid 
resin liberated by ethanol flushing. It was not possible to characterize whether this resin was 
from artifact porosity between 3D-printed layers or resin films on the exterior surfaces. The bulk 
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volume of solid proxies did not change by more than 0.3 cm3 after flushing and oven drying; 
therefore, the mass decrease in rock proxies should indicate effective removal of residual resin.  
Porosity was obtained by helium porosimetry, which measures the volume of the solid 
phase in the 3D-printed proxies (analogous to “grain” volume in natural rocks) that is accessible 
to a gaseous helium molecule (diameter = 0.26 nm). Pore volume is calculated by subtracting the 
grain volume from the bulk volume (as measured by the calipers). A Micrometrics AccuPyc II 
1340 helium porosimeter was used to calculate porosity using Boyle’s Law (Boyle, 1662). The 
helium porosity results for solid proxies differed less than 1%. from the designed porosity of 0% 
for both cubes and cylinders (Fig. 6; Table 3). This small difference between designed and 3D-
printed properties (porosity and volume) suggests accurate replication of the digital models.  
In addition, specific gravity was calculated for the solid proxies from the grain volume 
and mass (Table 2). The mean specific gravity of all proxies before and after flushing was 1.18 
g/cm3. The uniformity of these values indicates complete flushing and removal of residual resin. 
Lattice Proxies.   To test porosity replication by an SLA 3D printer, lattice models with 
1-mm solid bars separated by 1-mm channels (porosity = 50%) were 3D-printed in a black resin. 
The models were printed as cylinders with 23-mm diameters and 23-mm heights. A high 
porosity was chosen to test whether the 3D printer could accurately print idealized pore network 
geometries. Lattices were printed in pairs by type: 1) with open top and bottom and solid exterior 
surfaces; 2) with closed top and bottom and open exterior surfaces; and 3) with open top, bottom, 
and exterior surfaces (Fig. 5B).  
Helium porosity results show less than 1% difference between the designed digital 
models and measured values for lattices (Fig. 6; Table 2). Flushing helped to remove residual 
resin in the lattice proxies resulting in an increase in the porosity by 0.30-1.92% (Table 3) and 
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providing a closer match with the designed porosity of 50% (Table 2). A decrease in mass by 
2.26% on average also indicates removal of liquid resin from the lattice pore space. The 
diameters of the lattice proxies were consistently larger than designed and their heights were 
constantly smaller leading to a bulk volume that was on average 0.87% larger than designed. 
This trend is also consistent with bulk measurements for solid cylinders of the same size (23 
mm) (Tables 2 and 3). 
A very small difference (<1%) between designed and 3D-printed porosity and 
dimensions of both solid and lattice proxies can be attributed to instrument and human error 
(e.g., during caliper measurement of proxy dimensions and/or mass measurements). If there is 
any artifact porosity generated during 3D printing, then pore throat sizes are at the sub-micron 
scale and cannot be verified with helium porosimetry. To investigate the impact of the multi-step 
post-processing workflow outlined previously, we tested 3D-printed proxies replicated from 
Fontainebleau sandstone. We chose to print cubic shapes for the proxies of this sandstone which 
matched the shape of the digital rock CT volumes, thus ensuring consistency in subsequent 
dimension and porosity measurements.   
6.3.3 Fontainebleau Sandstone Proxies 
The final step in testing the workflow involved analysis of 3D-printed proxies generated 
from a natural sandstone. The average laboratory-measured air porosity of Fontainebleau 
sandstone samples is 13% and the modal pore throat diameter calculated from mercury 
porosimetry is 30 µm (Bourbie and Zinszner, 1985). For this study, a digital CT volume of a 
Fontainebleau sandstone sample (1-mm3 CT cube with 5.67 µm/voxel-resolution) was provided 
by Lindquist et al. (2000). Digital porosity (12.7%) and pore throat size distribution (mode 30.4-
µm diameter) were computed from the CT volume which matched the porosity and pore throat 
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size distribution of the original physical samples as reported by Lindquist et al. (2000). The 
digital model was magnified 15-, 23-, and 30 times to match the minimum pore throat diameter 
resolution of 400 µm in the 3D-printed proxy. These magnifications were chosen to test the 
consistency of porosity in magnified proxies. Porosity is a volume fraction that is scale-
independent; hence magnified proxies should have a similar percentage of porosity to the 
original digital model. Each magnified model was 3D-printed four times to evaluate repeatability 
and accuracy of both the 3D printer and the black resin.  
The nominal pressure needed to reach the smallest pore throats in each 3D-printed proxy 
was calculated using the following parameters (Washburn, 1921): σ = 22.39 dynes/cm at 25°C 
(Adamson and Gast, 1997); θ (air-ethanol-solid resin contact angle) = 67° (Johansson, 2006); r = 
225-450 µm (15-µm radius in the original model becomes 225-µm in 15-fold magnification, 
345-µm in 23-fold magnification, and 450-µm in 30-fold magnification). The pressure 
corresponding to the smallest pore throat radius (225 µm) is 0.01 psi. The maximum pressure of 
40 psi applied in the flushing setup corresponds to a pore throat diameter of 63 nm that should be 
sufficient to reach the smallest pores in the proxies (if present as artifact porosity).  
Warping, deformation of surfaces, and clogging of exterior pores are common problems 
reported for 3D-printed solid and porous proxies (Wicker et al., 2005; Head and Vanorio, 2016). 
These surface artifacts can appear if a digital model is oriented either parallel or perpendicular to 
the build platform. Rock proxies with digital models oriented at various angles to the build 
platform were printed and analyzed systematically to address surface warping and roughness 
associated with removal of support attachments. Four orientations were tested to identify the 
most accurate replication of model shape and geometry (Fig. 7 – from left to right): 1) a 30-mm 
cube with a 3 mm-base attached directly to the build platform (0° inclination); 2) a 23-mm cube 
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inclined at 45º to the build platform with 2-mm base containing supports; 3) a 23-mm cube 
attached directly to the build platform; and 4) a 23-mm cube with 2-mm base (attached directly 
to the build platform) containing supports. Specimen 2, inclined at 45º to the build platform, 
showed the least warping and flattest external surfaces while preserving pores and designed 
dimensions. The supports (spines with a cross-sectional area of 0.5-1 mm2) and base did not 
distort model surfaces and were easily removed. Thus, all Fontainebleau sandstone proxies were 
3D-printed at 45° to the build platform to prevent overhung surfaces and breaking of thin solid 
walls.  
Bulk volumes of Fontainebleau sandstone proxies increased relative to the digital models 
on average by 1.35% (Table 3). Proxies magnified by 30-fold had the highest increase in 3D-
printed bulk volume (by 1.23-3.98%) due to a length increase by up to 1.83%. This increase in 
length is also observed in a solid cube of the same size (30-mm) as the rock proxy suggesting a 
constant change of one dimension during 3D printing or post-processing. 
Helium porosity analysis was used to track changes in mass and pore volume of 
Fontainebleau sandstone proxies during two-cycle flushing. Increased helium porosity after 
pressurized flushing indicates successful removal of residual liquid resin from pore space (Figs. 
6 and 8). While 30-mm cubes containing larger pore throats (diameter of 900 µm) have less than 
1% difference in porosity values before and after flushing, differences of up to 7% are evident in 
the 15-mm cubes with smaller pore throats (diameter of 450 µm). As residual resin is removed 
from the internal pore network, the mass of a 3D-printed proxy decreases. While all sandstone 
proxies show a mass decrease after flushing by 1.48%, the largest difference is for proxies with 
15-fold magnification (a decrease up to 3.30%). The mass of the proxies with the largest 
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magnification (30-fold) decreases by up to 2.70% (Table 3) suggesting similar relative efficiency 
in removal of residual resin. 
While pore volume increased as the printed proxy size increased (from 15 to 23 to 30 
mm), unexpectedly, the porosity also increased (Table 2; Fig. 9). This seems contradictory 
because the changes in the proxy size should affect only pore volume, but the ratio of pore 
volume to solid volume (i.e., porosity) should remain constant. The smaller proxies (e.g., 15-fold 
magnification) have more intricate pore networks and, therefore, may have more resin trapped in 
smaller pores and/or disconnected pores due to the limitations of the 3D printer in replicating the 
smallest pores and pore throats. Smaller differences in porosity before and after flushing for the 
23- and 30-fold magnification proxies can be attributed to easier removal of the residual resin 
from larger pores by ethanol flushing and heating. Alternatively, less resin could be trapped in 
23- and 30-magnification proxies because gravity would more effectively drain liquid resin in 
larger pores. After flushing, porosity of the 30-fold magnification proxies (11.7-12.9%) is closest 
to the digitally calculated CT porosity (12.7%). In comparison to solid cubes, all sandstone 
proxies show a larger increase in the bulk volume (by 1%, on average) and a smaller decrease in 
helium-measured porosity (by 2%, on average) (Table 3). The loss of porosity in the smaller 
proxies cannot be explained by the presence of artifact porosity, which was 0.4% on average in 
all solid proxies printed for this study. Rather, a porosity decrease of 0.1-4.3% was observed in 
the sandstone proxies. 
Porosities measured on the 3D-printed Fontainebleau sandstone proxy (Fig. 10A) and the 
original tomographic volume (Fig. 10B) were within 1% for 30-mm cube (11.6% and 12.7% 
respectively). A thin section cut from one proxy at each magnification was used to calculate 
image based porosity and to analyze the accuracy of pore geometry replication. A slice was 
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extracted from the Fontainebleau sandstone CT volume (Fig. 10C) that closely corresponded to 
the thin-section images of the 3D-printed proxies (Fig. 10D-F). Thin-section images were 
converted to binary images in which pore space (blue epoxy) was represented by black pixels 
and grains were represented by white pixels. Pore space was extracted using segmentation in 
both the thin section images and the tomographic slices. Porosity for each 2D image was 
calculated as a fraction of the area of pore space over the total area of solid and pore space. The 
results show a difference of less than 1% between tomographic slices and thin-section images of 
3D-printed proxies (Fig. 10C-F).  
6.4 Discussion 
 
We propose that successful implementation of a post-processing workflow supports 
accurate replication of pore space based on the following arguments: 1) the small difference in 
porosity between digital models and 3D-printed proxies; 2) the visual similarity of pore 
geometry and connectivity between the tomographic image of Fontainebleau sandstone and the 
thin-section images of 3D-printed proxies; and 3) the decrease in trapped residual resin in pores. 
Minor uncertainties are still present in the results and are discussed in this section. 
For both the digital and laboratory analyses, the Fontainebleau sandstone proxies 
magnified 15-fold with the smallest pore throats (450 µm) have lower porosity than the proxies 
magnified 30-fold with the largest pore throats (>450 µm). This reduction in porosity in the 
smaller proxies could result from connectivity loss between pores as observed in thin section 
images (yellow arrows in Fig. 10C-F). If pore throat sizes in the 15-fold proxies were below 
printing resolution (<400 µm) (red arrows in Fig. 10C-F), then some of the pores observed in 
thin-section images may have become isolated.  
169 
 
 
Alternatively, pressurized flushing with ethanol could increase porosity in the 30-fold 
magnification proxies by changing pore geometry and connectivity. Porosity may be increased 
by breaking thin solid walls between the pores and connecting them. Broken walls, however, are 
not observed in thin-section images of 3D-printed proxies, where porosity decreases with model 
size. In addition, these pore walls would be thinner in the lower magnification proxies and thus 
more prone to flushing-induced damage.  
Only minor differences are observed in the geometry of the three Fontainebleau proxies 
(Fig. 10 D-F). For example, a pore in the 15-fold magnification proxy is decreased in the vertical 
dimension by 5% and exaggerated in the horizontal dimension by 7% compared to the 23- and 
30-fold magnification proxies. (Fig. 10G-I). Thin-section images also show the 25-µm layer 
thickness per the proxy design (Fig. 10G-I). If additional artifact porosity exists in the proxies, it 
may be formed in the pore space between these layers and can increase the helium-measured 
porosity. Blue haze is observed in all three thin-section images and may represent artifact 
porosity (purple arrow in Fig. 10G-I). This artifact porosity can explain a difference of 1% 
between designed and 3D-printed porosity in all proxies used in this study. To determine the 
amount of artifact porosity, blue haze was extracted from each thin-section image and 2D artifact 
porosity was calculated by area from the total image area (Fig. 10G-I). While results show a 
close match between three artifact porosity calculations of sandstone proxies (2.9% for 15-fold, 
2.4% for 23-fold, 1.9% of 30-fold), these values are higher than helium-measured porosity in 
solid cubes (0.19-0.79%) that could be a control measurement of the artifact porosity. The 
measurement of image-based porosity could be affected by inaccuracies in segmentation of 
designed and artifact porosity because the difference in the shades of blue on these images is 
very small (5-15 intensity units).  
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Artifact porosity could also form by incomplete resin curing by the laser on the pore 
edges. The laser spot might not receive or distribute energy equally around the pore so that 
curing is less effective on the spot edges. Alternatively, the blue haze around 3D-printed pores in 
proxies could represent an artifact of thin-section processing related to the non-uniform depth of 
blue epoxy impregnation into the resin. To understand the nature of this artifact porosity, it is 
necessary to acquire high-resolution images (e.g., SEM or FIB-SEM) and measure the volume of 
micron or submicron porosity between 3D-printed layers and around pores. In addition, gas 
sorption porosimetry could help to identify the accuracy of 3D-printed pores as it measures the 
pore throat size distribution on the scale from nm to mm. Both analyses would allow us to 
quantify the proportion of the designed and artifact porosity in proxies with known pore throat 
sizes. 
Thin-section images of Fontainebleau sandstone proxies could capture trapped resin in 
pores only in 15-fold magnification proxies (green arrows in Fig. 10D). This residual resin and 
the resulting loss of pore connectivity can explain the lower porosity (8.46-9.27%) after ethanol 
flushing in 15-fold magnification proxies in comparison to 23- and 30-fold magnification proxies 
(porosity range = 9.59-12.85%). While there is a decrease in proxy mass after ethanol flushing 
that suggests removal of liquid resin from proxies’ pore network, minor residual resin can be 
stranded in isolated smaller pores (<400 µm).  
Assuming a minor change in proxy bulk volume before and after flushing (0.2 cm3), 
density of solid resin could be used to track changes in mass. As water density is 1g/cm3, specific 
gravity for both liquid and 3D-printed resin is equal to density. The manufacturer-provided 
density of the liquid resin (1.09-1.12 g/cm3) (Table 1) is lower than the density of the 3D-printed 
resin in proxies (1.09-1.20 g/cm3) (Table 2) because the volume and mass is reduced during resin 
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hardening in contact with a laser beam. All solid proxies and lattices show a decrease in density 
on average by 0.42-0.83% after pressurized flushing. Fontainebleau sandstone proxies have an 
increase in density after flushing by 0.63%. While solid proxies and sandstone proxies have a 
mean density of 1.17 g/cm3 after flushing, lattices show a higher range of densities (1.11-1.20 
g/cm3). By comparing proxies of the same sizes (23 mm in height and 23 mm in diameter) and 
shapes (cylinders), lattices have higher density (1.11-1.20 g/cm3) than solid proxies (1.11-1.13 
g/cm3). The highest increase in density after flushing is observed for 15-fold magnification 
proxies of Fontainebleau sandstone that can be explained by the larger amount of grain volume 
and lower porosity measured by helium porosimeter. 23- and 30-fold magnification proxies show 
a decrease in density after flushing by 0.08-0.59% that is consistent with a decrease in mass and 
volume after flushing (Table 3). The mean density of all Fontainebleau sandstone proxies after 
flushing (1.17 g/cm3) closely matches with the mean density of solid cubes (1.18 g/cm3). This 
value (1.18 g/cm3) can be used for validation of the 3D-printed bulk properties (e.g., mass and 
volume).  
This study employed three fundamental measurements: mass, grain volume (from 
helium), and bulk volume (from digital calipers). Precision on caliper measurements was ±10µm. 
The smallest measured dimension was 1.5 cm (or 15,000 µm), so the uncertainty was ±0.067%. 
When cubed to represent the uncertainty on a bulk volume calculation, this would result in an 
uncertainty of ±0.20%. For mass, precision was ±0.0001 g. The smallest mass measured was 
2.98 g, so the uncertainty would be ±0.0034%. Grain volume measurements had a precision of 
±0.003 cm3, so the uncertainty for the smallest measured grain volume (2.60 cm3) would be 
0.12%. Thus, it seems that the largest error in calculation of proxy bulk properties could come 
from caliper measurements.  
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6.5 Applications 
 
SLA 3D printing is useful for building accurate porous-rock proxies to link numerical 
and experimental analyses. Previous studies showed attempts to 3D print testable rock proxies 
using polymers and resins. For example, Sukop et al. (2016) used polyjet 3D printing to build a 
representative core from CT data of the Biscayne Karst Aquifer, a water supply for Southeast 
Florida. As polymer models can have an issue of incomplete removal of support material from 
the printed pore space, our replication system that uses SLA printers can offer enhanced removal 
of residual resin from pore space and improve the porosity of rock proxies. 
Zhang et al. (2016) and Farré-Lladós et al. (2016) presented a successful implementation 
of SLA 3D printing to produce accurate and low-cost micro-fluidic devices (250-2000 µm) to 
establish uniform scaling laws in different flow regimes by changing wettability. Inaccuracies in 
the channel boundaries were reported in such proxies in channels smaller than 250-μm2 in cross-
section. Our post-processing system with pressurized flushing and resolution-testing wafers may 
be useful to determine the most accurate geometry and minimum channel size that will also 
enable correct fluid flow simulation. 
Head and Vanorio (2016) presented a study on the application of SLA 3D printers in 
characterization of diagenesis in carbonate rocks. Similar discrepancies in pore geometry and 
clogging of pores with residual resin were observed. Application of pressurized flushing to the 
helical models from Head and Vanorio (2016) could clean the tortuous pathways and enhance 
porosity and permeability. 
6.6 Conclusions 
We have shown that SLA 3D printing can build accurate proxies of porous rocks from 
digital designs with a minimum pore size of 390 μm that is equivalent to coarse-grained 
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sandstones. Resin SLA 3D printers enable at least 15-fold magnification of pore networks of a 
Fontainebleau sandstone replicated from CT images with a modal pore throat diameter of 30 μm 
and a porosity of 12.7%. An optimal model orientation of 45° with respect to the 3D printer’s 
build platform and pressurized flushing with ethanol improves the pore space replication. While 
helium-measured porosity of 30-fold magnification proxies of Fontainebleau sandstone (with 
900-μm pore throat diameters) is within 1% of porosity calculated from CT data, bulk volumes 
between a digital model and 3D-printed proxy differ by 2%. Lower-magnification proxies (15-
fold and 23-fold) show higher porosity (by up to 4%) than calculated from CT data, but the 
difference between designed and 3D-printed bulk volumes is lower (~0.3%). The difference in 
bulk volume could be caused by human error during proxy dimension measurements as well as 
by effects of gravity that enable coating additional resin films on proxy surfaces. Minor residual 
resin in isolated pores of the 15-fold magnification proxy and its absence in other proxies 
suggests an overall successful implementation of multi-step flushing system.  
Artifact porosity could exist between 3D-printed resin layers and on the pore edges but 
high-resolution imaging (e.g., SEM) and gas sorption porosimetry is required to estimate the 
amount of this porosity. To achieve higher accuracy on the porosity and bulk measurements of 
proxies, additional curing might be required after 3D printing and post-processing. Potentially 
UV-light curing could reduce the amount of uncured resin in proxy by releasing air and/or 
ethanol from pore networks. As the modal density of 1.18 g/cm3 was similar for solid cubes and 
Fontainebleau sandstone proxies of the same shape and size, this value can be used to validate 
the accuracy of proxies with known properties (e.g., mass or volume). Current applications of 
rock proxies in studies of fluid flow and associated chemical and physical processes show that 
3D printing have potential to evolve into additional tool for analysis of sedimentary rocks. If 
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changes in fluid properties (e.g., fluid pressure, velocity, and viscosity) are known from 
laboratory measurements of natural rocks, they can be simulated in digital models and validated 
with 3D-printed proxies repeatedly. In future applications of 3D-printed proxies, chemical 
properties of 3D-printed materials (e.g., wettability) could be altered to meet the designed rock 
and fluid properties and correlate experimental and numerical results in the studies of fluid flow, 
rock fractures, and mineral precipitation. 
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Figures 
 
 
 
 
Figure 1. Rock replication workflow (A) and proxy 3D printing diagrams (B). (A) Flowchart 
shows steps for building a proxy: design, 3D printing, post-processing, and validation. (B1-B4) 
Diagrams illustrating the 3D printing process. (B1) The build platform moves to the bottom of 
the heated tank (35ºC) filled with resin. (B2) When the build platform touches the silicone 
window on the bottom of the tank, the laser beam rasters the image by solidifying parts of the 
layer’s liquid resin in accordance with the digital design. (B3) After producing each layer, the 
build platform moves upward and the sweeper arm agitates the liquid resin to even out the 
window-resin surface and release air bubbles from the liquid resin. (B4) Pores may remain filled 
with resin if they are small and unconnected to the surface of the model. The resin left in the 
connected pores should be flushed with ethanol to make pores void. The diagrams are not to 
scale. 
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Figure 2. Schematic of 3D-printed proxy before, during, and after post-processing. (A) When the 
3D printing process is complete, the finished proxy is composed of solid resin with uncured 
liquid resin filling pores. (B) After rinsing the proxy in ethanol, liquid resin is rinsed from the 
external surface as well as pore throats near the surface. (C) Pressured flushing removes the 
residual uncured resin from the connected pores both fully-connected (1) and blind (2) pores in 
the 3D-printed proxy. If uncured resin remains in unconnected pores (3), it should not affect the 
measurement of flow properties because the resin is isolated from flow. However, it may affect 
other properties (e.g., mechanical and electrical). The schematic is not to scale. 
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Figure 3. Ethanol flushing setup for 3D-printed proxies. (A) Schematic of the setup and (B) 
photograph of the setup have the same labels for elements (1-11). Compressed air (1) flows 
through the inlet valve (2) that is controlled by the pressure gauge (3). The gauge valve (4) 
controls the pressure of compressed air entering the PVC tube (5) connected to a vessel cap (6) 
and traveling to the vessel (7). 3D-printed proxy (8) is placed into the vessel filled with ethanol 
(9) and air is vacuumed from the vessel prior to ethanol filling. The flushing procedure starts 
with opening the gauge valve (4) and subsequent slow opening of the inlet valve (4) until the 
pressure gauge reads 40 psi. Air outlet (10) with a diameter of 3-5 mm in the Büchner Flask (11) 
is required to release the air and ethanol vapor. After ethanol has been flushed from the proxy 
vessel (7) into Büchner Flask, the model is left under compressed air for 3-5 minutes to remove 
the residual resin and ethanol from the pores and external surfaces.  
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Figure 4. Optical photographs of resolution-testing wafers 3D-printed in a black resin. (A1) A 
wafer (5-mm thick, 50-mm long, 10-mm wide) shows cylindrical tubes with diameters ranging 
from 100 to 1000 µm (100-µm increment) on the right half and diameters ranging from 40 to 400 
µm (40-µm increment) on the left half. Tubes of 100-300-µm diameters are clogged with resin; 
tubes of 400-1000-µm diameters are clear of resin and are through-going channels. (A2) 
Magnified view (yellow box in A1) shows diameters of tubes (300 µm and 400 µm in digital 
model) at the resolution where the 3D printer is able to print an unobstructed tube. (B1) 3D-
printed resolution wafer (5-mm thick, 50-mm long, 10-mm wide) shows rectangular channels 
with apertures ranging from 200 to 2000 µm (200-µm increment). (B2) Magnified view (yellow 
box in B1) shows apertures of channels (200 µm and 400 µm in digital model) at the resolution 
where the 3D printer is able to print a clear channel. 
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Figure 5. Photographs of 3D-printed proxies used to test the post-processing workflow. (A) Solid 
cube (23 mm each side) and solid cylinder (23-mm height and 23-mm diameter) have 0% 
designed porosity. (B) Lattice models (23-mm height and 23-mm diameter) have 50% designed 
porosity. The square cross-sectional size of each strut and channel is 1 mm2. From left to right: 
two lattices with open top and bottom and solid exterior surfaces; two lattices with closed top 
and bottom and open exterior surfaces; and two lattices with open top, bottom, and exterior 
surfaces. h and d – diameter and height of solid cylinder and lattices measured with digital 
calipers. l1, l2, and l3 – side lengths of solid cubes measured with digital calipers. 
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Figure 6. Designed and helium porosity show a strong correlation (R2=0.99) for solid proxies, 
Fontainebleau sandstone proxies, and lattices. Fontainebleau sandstone proxies (FS, 2) show a 
range in helium porosities, with the highest magnification proxies (30-fold) nearest the 
regression line and then results falling away from the line for models with lower magnifications. 
R2 is a regression coefficient with a fitted line of y=0.97x (dashed blue line) for all proxies. BV – 
bulk volume. 
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Figure 7. Proxies of Fontainebleau sandstone 3D-printed at various angles to the build platform 
(blue) of Form2 3D printer. From left to right: (1) a 30-mm cube has a 3 mm-base attached 
directly to the build platform; (2) a 23-mm cube inclined at 45º to the build platform has 2-mm 
base and spine supports; (3) a 23-mm cube attached directly to the build platform; and (4) a 23-
mm cube has 2-mm base attached directly to the build platform and spine supports. l1, l2, and l3 – 
side lengths of proxies measured with digital calipers. 
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Figure 8. Helium porosities measured on 3D-printed proxies of Fontainebleau sandstone 
measured before and after flushing. Each magnification (15-, 23-, and 30-fold) was 3D-printed 
four times resulting in models labeled as 15_1 to _4, 23_1 to _4, and 30_1 to _4 on the y-axis. 
Porosity of all models was measured with a helium porosimeter in two cycles. The first cycle 
involved porosity measurement of all proxies that were submerged into ethanol for 30 minutes 
after 3D printing and dried in the oven at 80ºC for 2 hours (labeled as ‘Before Flushing’ on the 
plot). The second cycle involved flushing proxies with ethanol and compressed air (at 40 psi) and 
drying in the oven at 80ºC for 2 hours (labeled as ‘After Flushing’ on the plot). Digital porosity 
of 12.7% represents porosity computation on the 1-mm3 CT cube of Fontainebleau sandstone 
used in this study. BV – bulk volume. 
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Figure 9. Helium porosity measured before and after pressurized flushing shows a strong 
correlation (R2=0.86). 15-, 23-, and 30-fold magnifications each have four proxies. R2 is a 
regression coefficient with a fitted line of y=0.07x2–0.60x+10.16 (dashed black line) for all 
proxies. Solid black line represents a 1:1 fit for comparison. FS – Fontainebleau sandstone. BV – 
bulk volume. 
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Figure 10. Images of Fontainebleau sandstone acquired from original rock model and 3D-printed 
proxies. (A) A 3D-printed proxy with 30-fold magnification; helium-measured porosity is 
11.6%. Yellow dashed line shows the location of thin-section images in (D-F). (B) A 
tomographic volume of Fontainebleau sandstone (1-mm3 CT cube) has a digitally calculated 
porosity of 12.7%. Yellow dashed line shows the approximate location of the tomographic slice 
in (C) taken along thin-section images (D-F). (C) A tomographic slice of the sandstone cube has 
a digitally measured porosity of 10.9%. (D-F) Thin-section images of 3D-printed proxies with 
the following magnifications and digitally measured porosities (ɸ): (D) – a 15-mm cube with 
ɸ=10.1%; (E) – a 23-mm cube with ɸ=10.5%; (F) – a 30-mm cube with ɸ=10.8%. Blue epoxy in 
thin-section images represents pore space of proxies. Yellow arrows in (C-F) indicate the 
connectivity pore throat that could not be accurately imaged in a tomographic slice of replicated 
in proxies. Red arrows in (C-F) show isolated pores that may be below printing resolution (<400 
µm). Green arrows in (D) indicate trapped resin in pores. Yellow boxes (G), (H), (I) are enlarged 
views of pore in (D), (E), (F). Parallel stripes across a single pore in (G), (H), (I) represent 3D-
printing layers of 25-µm thickness. Porosity values in parentheses are calculated for the artifact 
porosity on the whole image (D, E, F). Purple arrow indicates the blue haze around the pore 
associated with the artifact porosity. 
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Tables 
 
 
Table 1. Characteristics of 3D printer and materials used in this study. The parameters are 
compiled from manufacturer’s data sheet (Formlabs, 2016). Specific gravity, viscosity, and 
composition are listed for both black and clear resins that have the same parameters. 
 
 
Characteristic Parameter/Name 
Stereolithography 3D Printer Form2 
Build Volume 145x145x179 mm 
Self-heating resin tank Up to 35°C 
Material Liquid black/clear resin 
Layer thickness 25 microns 
Laser spot size 140 microns 
Accuracy  50 microns 
Flash point of resin >100°C 
Specific gravity 1.09-1.12 g/cm3 
Resin viscosity 850-900 cps 
Resin composition Methacrylated oligomers and monomers, 
Photoinitiator, Pigments (<0.5%), 
Specialty additives (<0.5%) 
 
 
 
   
 
 
 
 
 
 
 
 
  
Table 2. Results of digital and laboratory porosity analysis for solid proxies, lattices, and Fontainebleau sandstone models. FB15, 
FB23, and FB30 proxies correspond to four copies each of 15-, 23-, and 30-fold magnifications from the original CT volume of 
Fontainebleau sandstone (1 mm3). Bulk volume of digital models (column 3) and their porosity (column 5) were calculated from 
CAD/tomographic models. Bulk volume of 3D-printed proxies was calculated from caliper measurements. Helium porosity (columns 
6-7) was calculated from helium porosimetry data. Mass of each dry model (columns 8-9) is measured by weighting after rinsing and 
after flushing with ethanol and compressed air. Specific gravity (column 10) is calculated from the grain volume of the model 
measured with helium porosimetry and mass. h – height; d – diameter; l – length; BV – bulk volume; ϕ – porosity; M – mass; SG - 
specific gravity; 3DP – 3D-printed. 
 
Proxy Digital 
Dimensions, 
hxd, l1xl2xl3 
(cm) 
3D-printed 
Dimensions, 
hxd, l1xl2xl3 
(cm) 
Digital 
BV 
 
(cm3) 
3DP BV 
 
 
(cm3) 
Digital ϕ 
 
 
(BV%) 
Helium ϕ, 
after 
rinsing1 
(BV%) 
Helium ϕ, 
after 
flushing2 
(BV%) 
M, after 
rinsing1 
 
(g) 
M, after 
flushing2 
 
(g) 
SG, after 
rinsing1 
 
(g/cm3) 
SG, after 
flushing2 
 
(g/cm3) 
Cube-1 1.50x1.50x1.50 1.50x1.49x1.51 3.38 3.37 0.00 0.15 0.19 3.99 3.96 1.19 1.18 
Cube-2 1.50x1.50x1.50 1.49x1.49x1.52 3.38 3.37 0.00 0.54 0.65 3.97 3.94 1.18 1.18 
Cube-3 2.30x2.30x2.30 2.29x2.31x2.33 12.17 12.30 0.00 0.20 0.24 14.47 14.32 1.18 1.17 
Cube-4 2.30x2.30x2.30 2.32x2.30x2.30 12.17 12.29 0.00 0.28 0.34 14.44 14.31 1.18 1.17 
Cube-5 3.00x3.00x3.00 2.99x2.99x3.03 27.00 27.03 0.00 0.35 0.37 31.71 31.67 1.18 1.18 
Cube-6 3.00x3.00x3.00 3.00x3.01x2.98 27.00 26.91 0.00 0.78 0.79 31.44 31.38 1.18 1.18 
Cylinder-1 1.50x1.50 1.49x1.49 2.65 2.60 0.00 0.14 0.18 2.98 2.91 1.15 1.12 
Cylinder-2 1.50x1.50 1.49x1.49 2.65 2.60 0.00 0.16 0.21 2.99 2.97 1.15 1.14 
Cylinder-3 2.30x2.30 2.30x2.34 9.56 9.89 0.00 0.24 0.29 10.98 10.89 1.11 1.10 
Cylinder-4 2.30x2.30 2.28x2.32 9.56 9.64 0.00 0.22 0.31 10.91 10.82 1.13 1.13 
Cylinder-5 3.00x3.00 3.06x2.99 21.21 21.49 0.00 0.51 0.64 24.39 24.31 1.14 1.14 
Cylinder-6 3.00x3.00 3.01x2.99 21.21 21.14 0.00 0.55 0.59 24.25 24.16 1.15 1.15 
Lattice-1 2.30x2.30 2.28x2.34 9.56 9.81 50.00 49.14 49.44 5.6 5.56 1.12 1.12 
Lattice-2 2.30x2.30 2.28x2.32 9.56 9.64 50.00 48.76 49.13 5.62 5.46 1.14 1.11 
Lattice-3 2.30x2.30 2.29x2.30 9.56 9.51 50.00 48.45 49.45 5.73 5.64 1.17 1.17 
Lattice-4 2.30x2.30 2.29x2.31 9.56 9.60 50.00 47.06 48.98 5.72 5.49 1.13 1.12 
Lattice-5 2.30x2.30 2.29x2.32 9.56 9.68 50.00 48.25 49.36 5.82 5.69 1.16 1.16 
1
9
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Table 2. (Continued) 
Lattice-6 2.30x2.30 2.31x2.30 9.56 9.60 50.00 48.71 49.77 5.91 5.78 1.20 1.20 
FB15-1 1.50x1.50x1.50 1.50x1.51x1.51 3.38 3.41 12.72 8.24 8.87 3.66 3.65 1.17 1.17 
FB15-2 1.50x1.50x1.50 1.51x1.51x1.52 3.38 3.48 12.72 4.99 9.27 3.71 3.61 1.12 1.14 
FB15-3 1.50x1.50x1.50 1.50x1.52x1.50 3.38 3.43 12.72 4.97 8.46 3.70 3.59 1.14 1.14 
FB15-4 1.50x1.50x1.50 1.49x1.52x1.49 3.38 3.408 12.72 2.13 9.24 3.64 3.52 1.09 1.14 
FB23-1 2.30x2.30x2.30 2.27x2.30x2.31 12.17 12.08 12.72 8.94 10.85 12.84 12.70 1.17 1.18 
FB23-2 2.30x2.30x2.30 2.29x2.31x2.32 12.17 12.27 12.72 9.30 10.24 13.13 12.98 1.18 1.18 
FB23-3 2.30x2.30x2.30 2.28x2.31x2.32 12.17 12.21 12.72 9.11 10.18 13.13 12.94 1.18 1.18 
FB23-4 2.30x2.30x2.30 2.29x2.31x2.32 12.17 12.25 12.72 8.21 9.59 13.26 13.05 1.18 1.18 
FB30-1 3.00x3.00x3.00 3.01x3.03x3.03 27.00 27.56 12.72 10.96 12.85 28.85 28.07 1.18 1.17 
FB30-2 3.00x3.00x3.00 3.03x3.03x3.05 27.00 28.01 12.72 12.38 12.63 28.85 28.76 1.18 1.18 
FB30-3 3.00x3.00x3.00 2.99x3.02x3.03 27.00 27.39 12.72 11.63 11.97 28.38 28.38 1.17 1.18 
FB30-4 3.00x3.00x3.00 2.99x3.02x3.03 27.00 27.33 12.72 11.53 11.73 28.46 28.38 1.18 1.18 
1Measured after submerging models in ethanol for 30 minutes and oven drying for 2 hours at 80ºC, but before flushing 
2Measured after two-cycle flushing of models and drying in the oven for 2 hours at 80ºC 
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Table 3. Comparison of bulk measurements on digital models and 3D-printed proxies. Calculations are made using values from Table 
2. H – height; D – diameter; L – length; BV – bulk volume; ϕ – porosity; M – mass; SG – specific gravity. Δ – the difference between 
digital and 3D-printed value, except for: Δϕ on flushing – the difference between proxy porosity before and after pressurized flushing; 
Δϕ on 3D printing – the difference between proxy porosity after flushing and digital porosity; ΔM – the difference in proxy mass 
before and after flushing. Differences for all measurements are calculated percentage of Δ. mn – mean value of all samples per group 
(e.g., one mean value per a group of all cubes, etc.); sd – standard deviation from the mean value per group; Cyl – cylinder; Lat – 
lattice; FS – Fontainebleau sandstone proxy. 
 
 
Proxy ΔH, ΔL1  
 
(cm) 
ΔH, ΔL1  
 
(%H) 
ΔD, ΔL2  
 
(cm) 
ΔD, ΔL2 
 
(%D) 
ΔL3  
 
(cm) 
ΔL3  
 
(%L) 
ΔBV  
 
(cm3) 
ΔBV  
 
(%BV) 
Δϕ on  
flushing  
(%BV) 
Δϕ on 3D 
printing  
(%BV) 
ΔM on  
flushing 
 (g) 
ΔM  
 
(%M) 
ΔSG on 
 flushing 
(g/cm3) 
ΔSG 
 
(%) 
Cube-1 0.001 0.07 -0.011 -0.73 0.009 0.60 -0.002 -0.07 0.04 0.19 -0.03 -0.75 -0.01 -0.71 
Cube-2 -0.010 -0.67 -0.009 -0.60 0.019 1.27 0.000 -0.01 0.11 0.65 -0.03 -0.76 -0.01 -0.65 
Cube-3 -0.010 -0.43 0.006 0.26 0.030 1.30 0.137 1.13 0.04 0.24 -0.15 -1.04 -0.01 -1.00 
Cube-4 0.020 0.87 -0.002 -0.09 0.006 0.26 0.127 1.04 0.06 0.34 -0.13 -0.90 -0.01 -0.84 
Cube-5 -0.020 -0.67 -0.006 -0.20 0.030 1.00 0.034 0.13 0.02 0.37 -0.04 -0.13 0.00 -0.11 
Cube-6 0.003 0.10 0.007 0.23 -0.020 -0.67 -0.091 -0.34 0.01 0.79 -0.06 -0.19 0.00 -0.18 
Cyl-1 -0.010 -0.67 -0.010 -0.67 - - -0.053 -1.99 0.04 0.18 -0.07 -2.35 -0.03 -2.31 
Cyl-2 -0.010 -0.67 -0.010 -0.67 - - -0.053 -1.99 0.05 0.21 -0.02 -0.67 -0.01 -0.62 
Cyl-3 0.000 0.00 0.040 1.74 - - 0.335 3.51 0.05 0.29 -0.09 -0.82 -0.01 -0.77 
Cyl-4 -0.020 -0.87 0.020 0.87 - - 0.082 0.86 0.09 0.31 -0.09 -0.82 -0.01 -0.74 
Cyl-5 0.060 2.00 -0.010 -0.33 - - 0.280 1.32 0.13 0.64 -0.08 -0.33 0.00 -0.20 
Cyl-6 0.010 0.33 -0.010 -0.33 - - -0.071 -0.33 0.04 0.59 -0.09 -0.37 0.00 -0.33 
Lattice-1 -0.020 -0.87 0.040 1.74 - - 0.249 2.61 0.30 -0.56 -0.04 -0.71 0.00 -0.13 
Lattice-2 -0.020 -0.87 0.020 0.87 - - 0.082 0.86 0.37 -0.87 -0.16 -2.85 -0.02 -2.14 
Lattice-3 -0.010 -0.43 0.000 0.00 - - -0.042 -0.43 1.00 -0.55 -0.09 -1.57 0.00 0.38 
Lattice-4 -0.010 -0.43 0.010 0.43 - - 0.041 0.43 1.92 -1.02 -0.23 -4.02 0.00 -0.41 
Lattice-5 -0.010 -0.43 0.020 0.87 - - 0.125 1.30 1.11 -0.64 -0.13 -2.23 0.00 -0.09 
Lattice-6 0.010 0.43 0.000 0.00 - - 0.042 0.43 1.06 -0.23 -0.13 -2.20 0.00 -0.14 
FB15-1 -0.004 -0.27 0.010 0.67 0.011 0.73 0.038 1.13 0.63 -3.85 -0.01 -0.27 0.00 0.42 
FB15-2 0.005 0.33 0.021 1.40 0.019 1.27 0.102 3.03 4.28 -3.45 -0.1 -2.70 0.02 1.89 
FB15-3 0.001 0.07 0.020 1.33 0.001 0.07 0.050 1.47 3.49 -4.26 -0.11 -2.97 0.01 0.73 
FB15-4 -0.006 -0.40 0.023 1.53 -0.006 -0.40 0.024 0.72 7.11 -3.48 -0.12 -3.30 0.05 4.28 
FB23-1 -0.035 -1.52 0.007 0.30 0.011 0.48 -0.091 -0.75 1.91 -1.87 -0.14 -1.09 0.01 1.03 
FB23-2 -0.014 -0.61 0.019 0.83 0.014 0.61 0.100 0.82 0.94 -2.48 -0.15 -1.14 0.00 -0.11 
FB23-3 -0.023 -1.00 0.015 0.65 0.017 0.74 0.046 0.38 1.07 -2.54 -0.19 -1.45 0.00 -0.27 
FB23-4 -0.011 -0.48 0.017 0.74 0.010 0.43 0.084 0.69 1.38 -3.13 -0.21 -1.58 0.00 -0.08 
FB30-1 0.011 0.37 0.025 0.83 0.026 0.87 0.562 2.08 1.89 0.13 -0.78 -2.70 -0.01 -0.59 
FB30-2 0.032 1.07 0.031 1.03 0.055 1.83 1.075 3.98 0.25 -0.09 -0.09 -0.31 0.00 -0.03 
FB30-3 -0.017 -0.57 0.025 0.83 0.035 1.17 0.387 1.43 0.34 -0.75 0.00 0.00 0.00 0.39 
FB30-4 -0.012 -0.40 0.024 0.80 0.025 0.83 0.333 1.23 0.20 -0.99 -0.08 -0.28 0.00 -0.06 
Cubes-mn 0.00 -0.12 0.00 -0.19 0.01 0.63 0.03 0.31 0.05 0.43 -0.07 -0.63 -0.01 -0.58 
Cubes-sd 0.01 0.59 0.01 0.41 0.02 0.75 0.09 0.62 0.04 0.24 0.05 0.38 0.00 0.36 
Cyls-mn 0.01 0.02 0.00 0.10 - - 0.09 0.23 0.07 0.37 -0.07 -0.89 -0.01 -0.83 
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Table 3. (Continued) 
Cyls-sd 0.03 1.07 0.02 0.98 - - 0.18 2.12 0.04 0.20 0.03 0.74 0.01 0.76 
Lats-mn -0.01 -0.43 0.02 0.65 - - 0.08 0.87 0.96 -0.65 -0.13 -2.26 0.00 -0.42 
Lats-sd 0.01 0.47 0.02 0.66 - - 0.10 1.03 0.59 0.28 0.06 1.13 0.01 0.88 
FS-mn -0.01 -0.28 0.02 0.91 0.02 0.72 0.23 1.35 1.96 -2.23 -0.17 -1.48 0.01 0.63 
FS-sd 0.02 0.68 0.01 0.35 0.02 0.57 0.33 1.24 2.06 1.50 0.20 1.18 0.01 1.33 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1
9
3
 
194 
 
CHAPTER 7.  3D PRINTING BEREA SANDSTONE: TESTING A NEW TOOL FOR 
PETROPHYSICAL ANALYSIS OF RESERVOIRS  
 
 
A paper submitted to Petrophysics, 2017 
Sergey Ishutov1, Franciszek J. Hasiuk1, Dawn Jobe2, and Susan Agar2 
1 Department of Geological and Atmospheric Sciences, 253 Science I, 2237 Osborn Drive, Iowa 
State University, Ames, IA 50011, USA 
2 Aramco Services Company: Aramco Research Center, 16300 Park Row Drive, Houston, TX 
77084, USA 
 
 
Abstract 
Three-dimensional (3D) printing is a unique technology that enables building of 3D pore- 
network proxies from digital models. Proxies allow us to experimentally test petrophysical 
properties (e.g., porosity and permeability) that can supplement reservoir rock analysis. In this 
study, we tested the resolution and accuracy of a polyjet 3D printer for generating rock proxies 
from a digital model of Berea sandstone. A cylindrical sandstone “macroplug” (20-mm height, 
25-mm diameter, and 21.6% porosity) and a smaller “microplug” (3.5-mm height, 4-mm 
diameter, and 21.3% porosity) were analyzed with mercury intrusion porosimetry and were 
scanned with computed tomography at 10 µm and 4 µm per voxel, respectively. Microplug 
digital model, with a porosity of 21.3%, volume of 8 mm3, and a modal pore-throat diameter of 
18 µm, was extracted from the tomographic data and rescaled at 10-fold magnification to meet 
the pore resolution of the 3D printer (~132 µm). Proxies and core-plug samples were compared 
for porosity and pore-throat size distribution using two approaches: 1) mercury porosimetry on 
natural rock samples and proxies; and 2) digital measurements from tomographic data of natural 
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rock samples and proxies. This comparison revealed a decrease in porosity by ~2 percentage 
points and a decrease in pore-throat diameter by ~56 µm. These discrepancies could arise due to 
insufficient magnification of the digital model or due to incomplete removal of the wax support 
material from the proxy pore space. Development of enhanced cleaning methods for pore space 
in polyjet proxies is needed to generate more accurate reservoir rock models.  
7.1 Introduction 
Multiscale reservoir characterization requires a profound understanding of a rock’s 
microstructure and the physical characteristics of fluids occupying its pore space. Pore geometry 
and topology are elements in the reservoir rock’s microstructure that control key petrophysical 
properties, such as porosity and permeability (Doyen, 1988; Bera et al., 2011; Peng et al., 2012). 
These properties determine reservoir quality impacting extraction of water and hydrocarbons, or 
sequestration of carbon dioxide. Three-dimensional (3D) digital models of reservoir pore 
networks can be extracted from tomographic or petrographic images of rocks to quantify pore-
network connectivity and compute petrophysical properties at the micron and submicron scales 
(e.g., Dvorkin et al., 2011; Andrä et al., 2013a,b). Yet when these digital computations are 
calibrated to physical measurements from natural rocks, they do not always match (Guice et al., 
2014). The differences arise due to poor representation of the pore system in numerical models 
and/or the challenge of finding multiple rock samples with similar textures (Sorbie and Skauge, 
2012). 3D printing is a tool that can transform digital models into physical samples (referred 
herein as proxies), which can be analyzed using conventional core analysis methods (Ishutov et 
al., 2015; 2017a,b). A key benefit of using 3D-printing is repeatability. Experiments on rock 
properties (e.g., transport, mechanical, electrical) can be performed on proxies generated from 
the same digital model over a wide range of scales with systematic changes in the rock texture 
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and/or environmental variables (e.g., temperature, confining pressure). Substitution of rock 
proxies for natural rock samples in laboratory measurements provides a way to calibrate 
numerical simulations with experimental analysis.  
Polyjet 3D printing is an additive manufacturing technique that offers rapid generation of 
proxies with intricate pore-network geometries (Ishutov et al., 2017b). Previous studies 
investigated the application of polyjet 3D printing in porous media analysis, including prototypes 
of soil samples from CT data (e.g., Dal Ferro and Morari, 2015) and fracture network proxies 
from CAD models (e.g., Suzuki et al., 2016). While the mean pore diameters (367 µm) in 
proxies were much higher than the resolution declared by 3D printer manufacturers (80 µm), 
major discrepancies included deviation of the pore-network properties (e.g., pore sizes, 
permeability, hydraulic conductivity). The discrepancies could be associated with insufficient 
accuracy and resolution of the 3D printers to generate complex digital pore systems, incomplete 
removal of the wax support material from the proxy pore space, or a combination of these 
factors. In this study, we explored the ability of a high-grade polyjet 3D printer (ca. $200,000) in 
attempt to: 1) establish and test the accuracy and resolution of repeatable reservoir rock proxies; 
2) investigate and minimize the discrepancies reported in previous studies on printing porous 
proxies; and 3) test destructive and non-destructive evaluation of proxy pore system by using 
conventional core and digital analyses commonly employed for natural rocks.  
The proposed integrated approach of computed tomography (CT), 3D printing, and 
laboratory analysis of proxies has been discussed in prior studies on 3D printing of reservoir 
rocks (Ishutov et al., 2015; Ishutov et al., 2017a,b). Nevertheless, 3D printing and post-
processing steps in each of those studies were different from each other and were performed by 
vendors. For instance, binder-jet 3D printing investigated in Ishutov et al. (2017a) used gypsum 
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powder that was glued with an acrylate binder; hence, physico-chemical properties of the 
printing material and resulting proxies were significantly different from the polyjet proxies 
generated in this study. A lack of full control on experimental environment and processes in 
previous studies could result in deviations of laboratory measurements from digital computations 
of transport properties for proxies. This study established the pore resolution of a polyjet printer 
by using a “gap test” wafer with idealized pore-throat structures that allowed us to replicate the 
pore system of a Berea sandstone core plug. The complexity and scale of Berea sandstone 
proxies were higher than those reported in previous studies (16-µm 3D printer resolution and 180 
µm modal pore-throat diameters of a digital rock model). Sandstone proxies were used to 
quantify pore-system properties (porosity and pore-throat size distribution) via mercury intrusion 
porosimetry and CT scanning and to validate the accuracy of polyjet printing and post-
processing.  
7.2 3D Printer and Materials 
All proxies in this study were 3D-printed on an Objet260 Connex3 3D printer (Stratasys, 
Inc.; www.stratasys.com) located in the Prototyping and Fabrication Service Center at Iowa State 
University (Ames, Iowa, USA). The printer uses polyjet technology that builds solid objects 
layer-by-layer from liquid polymer, with each layer subject to ultraviolet-light (UV) curing. To 
3D-print a proxy, a digital model must first be “sliced” into individual digital layers in the Z 
direction that are saved in a single file. A user-specified thickness for each layer determines the 
number of layers that are printed successively on a vertically-moving build platform. An extruder 
moves around the build platform in the XY direction jetting a liquid polymer through a nozzle. A 
wax support material is jetted from a second nozzle and is deposited in the “pore space”. Both 
wax and polymer form a layer that is instantly cured with UV light to induce polymerization and 
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hardening of the materials (Figure 1A). After UV-curing, the build platform moves down the 
equivalent distance of one layer (16 µm) and the extruders begin jetting of the next layer; this 
sequence continues until all layers in the proxy have been deposited. Physico-chemical 
properties of the printing materials (such as viscosity, curing time, density) determine the bulk 
properties of the resulting proxies (such as volume and mass). The wax support material is 
required to avoid damage to the internal structure of proxies with intricate pore networks (e.g., 
pore diameters <100 µm) and thin solid elements (e.g., grain diameters <50 µm). Post-processing 
is necessary to remove any wax support material from the proxy pores as the wax can attach to 
the build polymer surfaces affecting the proxy pore sizes (Figure 1B). The wax support material 
is removed by submerging the proxy in warm water (70°C) and flushing with compressed water 
and air in a sealed container. Proxies are dried in an oven for 2 hours at 70°C to remove residual 
water and wax from the pore space and are stored in a desiccator until further analyses are 
performed. 
While manufacturers typically report the resolution and accuracy of a 3D printer as the 
variability of external dimensions, in this study the accuracy and resolution of proxies depend on 
a combination of factors: horizontal and vertical movement of nozzles, nozzle aperture, size and 
complexity of digital-model geometry, and post-processing procedures. The horizontal (XY) 
accuracy is a function of the smallest movement of 3D printer’s nozzle. The maximum model 
size is defined by the horizontal dimensions (XY) and maximum vertical travel distance (Z) of 
the build platform. The smallest ‘grain’ diameter is defined as the smallest printable solid 
element and depends on the aperture of the extruder nozzle (42 µm) and the layer thickness (16 
µm) (Figure 1A). The smallest ‘pore throat’ diameter is the minimum distance between solid 
elements that depends on the accuracy of nozzle movement and post-processing procedures, such 
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as removal of the wax support material. The manufacturer specifies the accuracy of the Objet260 
Connex3 for solid objects as 20-85 µm for proxies smaller than 50 mm, but provides no further 
details on: 1) how this accuracy was assessed; or 2) what accuracy might be expected on 
complex porous-model geometries, such as rock pore networks. Therefore, we attempted to 
establish the meaning of “resolution” and “accuracy” for a polyjet 3D printer in the context of 
printing geologically relevant proxies of a reservoir rock. 
7.3 Testing 3D Printer Resolution 
The biggest challenge in using a 3D printer to replicate a natural rock’s pore network is to 
reproduce the smallest element of the natural pore system—the pore throat. While the geometry 
of rock pore throats is complex, numerical analysis has shown that pore throats can be 
approximated with simple shapes (e.g., cylinders, prisms) and cross-sections (e.g., circles, 
rectangles) (e.g., Ryazanov et al., 2009). We used a similar approach to test the 3D printer’s 
resolution by designing simple pore-throat models, 3D-printing them, and measuring their sizes. 
The test wafer contained gaps of known widths distributed on a 3-mm (thickness) 
rectangular plate (Figure 2A1). Ten solid bars with dimensions of 5x5x10 mm were 
superimposed on the wafer with the longest side of the bars perpendicular to the longest side of 
the plate (Figure 2A2). The gaps between the bars were designed to represent the pore throats 
with rectangular cross-sections (Figure 2B-D). The minimum gap width was chosen as 20 µm, 
because the manufacturer specified this value as the lower-limit of XY positional accuracy for 
the 3D printer. Subsequent spacing of the pore throats was increased by a factor of two, with a 
range of widths from 20-5120 µm (Figure 2A1-A2).  
Optical images of the wafer showed that gaps smaller than 160 µm are not printed and all 
other gaps are printed smaller than designed (Figure 2A2-B). A 160-µm gap in a digital design 
200 
 
has a width of 132 µm in a 3D-printed wafer without showing any deformation in the bar 
geometry. The 320-µm gap 3D-printed as 292-µm gap (Figure 2B) and the 640-µm gap 3D-
printed as 599-µm gap (Figure 2C) show prominent spacing between adjacent bars, but minor 
irregularities in the bar geometry, such as wavy edges, are observed. The 1280-µm gap 3D-
printed as 1253-µm gap and all other subsequent gaps have a prominent pore throat without 
wavy edges in adjacent bars (Figure 2A2, D). Gap measurements in the wafer suggest that the 
resolution of Objet260 Connex3 for the through-going pore throat is 132 µm, with a standard 
deviation of 35 µm across all gaps.  
7.4 3D Printing Berea Sandstone 
Berea sandstone (Kipton Formation, Ohio, USA) was used for testing the accuracy of a 
polyjet 3D printer in replication of pore-network proxies because it is relatively homogenous and 
well characterized in the literature (e.g., Seright et al., 2002; Øren and Bakke, 2003). The 
sandstone comprises well-sorted quartz grains (87-93% by volume) with minor feldspar (3-9%), 
dolomite (0.5-3%), and clays (0.5-7%) (Bera et al., 2011). Pore-throat diameters of Berea 
sandstone range from 10-40 µm (Peng et al., 2012). Natural-rock samples used for generation of 
rock proxies, have an average gas-measured porosity of 20.0% and an average brine-measured 
permeability of 100 md (Kocurek, 2014). Our analysis involved measurements of porosity and 
pore-throat size distribution using calculations on digital pore networks derived from CT data 
and results of mercury intrusion porosimetry. 
7.4.1 Digital Model Building Workflow 
The workflow for transforming natural rock samples into digital models, that can be 3D-
printed as proxies, was discussed in previous studies (e.g., Ishutov et al., 2015; Martinez et al., 
2015; Osinga et al., 2015; Head and Vanorio, 2016; Ishutov et al., 2017a,b). However, this 
201 
 
workflow did not include quantification of a 3D printer’s pore resolution and validation of a 3D 
printing accuracy via comparison of results obtained from destructive (e.g., mercury intrusion 
porosimetry) and non-destructive (e.g., CT scanning) analyses of proxies. A refined workflow 
for generating Berea-sandstone proxies in this study consisted of four main steps.  
First, a macroplug (20-mm height, 25-mm diameter) was CT-scanned at a resolution of 
10 µm per voxel (Figure 3A). A microplug (3.5-mm height, 4-mm diameter) was drilled from the 
macroplug and CT-scanned at a resolution of 4 µm per voxel (Figure 3B-C). CT data were 
acquired at the Center for Non-Destructive Evaluation (Iowa State University) using a CT 
system with a Kevex PXS10-16W fan-beam source that produced a spot size of 16 µm at 120 kV 
and 200 mA. The X-rays traveling from the source tube penetrated the rock sample and reached 
the flat-panel detector (GE DXR 500L). A series of 2D projections were acquired by a 360°-
rotation of the rock sample at increments of 1°. Both macroplug and microplug CT scans 
generated 360 raw images, coded with 14-bit depth (about 10MB per image). Each scanning 
session lasted approximately 4 hours with each frame having 8 seconds of exposure time. These 
parameters provided sufficient dynamic range in X-ray intensity through the sample to obtain a 
sharp contrast between grains and air-filled pores. A 1000x800x1000-voxel volume (in X-Y-Z 
directions, respectively) was reconstructed from raw CT images. Ring artifacts, associated with 
scattered radiation and nonlinearity of data acquisition systems (Ketcham and Carlson, 2001), 
were removed after acquisition using a mean filter. 
Second, the macroplug and microplug CT volumes were segmented into pore (less dense) 
and grain (more dense) phases by thresholding the CT intensities. The pore phase (red in Figure 
3D) was used for digital property calculations and the grain phase (yellow in Figure 3D) was 
translated into a 3D-printable format. A (2-mm)3 cube was digitally extracted from the CT 
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volume of the microplug (“microplug CT subvolume”) to yield a model free of edge artifacts 
associated with X-ray beam hardening. 
Third, four proxies of the same digital model of the microplug CT subvolume were 3D-
printed (Figure 3E). The Objet260 Connex3 was unable to 3D-print pore throats at their original 
size (Figure 4). Therefore, the microplug CT subvolume was magnified ten-fold to increase the 
modal pore-throat diameter of a digital model (from 18 µm to 180 µm) above the lower-
resolution limit of the 3D printer (132 µm). The rescaling also magnified the smallest grain 
diameter of Berea sandstone from 80 µm to 800 µm (Øren and Bakke, 2003). One representative 
proxy was CT-scanned to analyze the accuracy of replicated pore geometry and to investigate the 
presence of the residual wax support material in the pore space. It was difficult to achieve a high 
contrast between these two phases in the CT images of all proxies due to low density difference 
between solid polymer (1.17 g/cm3) and residual wax (1.01 g/cm3) and ratio of the sample-size-
to-fan-beam-width (that determines that voxel size). CT data acquisition workflow for one Berea 
sandstone proxy was the same as for the natural macro- and microplugs described above, except 
for 40 kV and 250 mA to gain lower energy required to penetrate the less dense polymer and 
wax and to achieve 24 µm per voxel. This resolution for CT images was sufficient to discern 
180-µm pore throats in the natural microplug proxy. Three proxies of Berea sandstone, including 
previously CT-scanned proxy, were analyzed via mercury porosimetry; the fourth proxy was cut 
for internal pore and grain geometry analysis.  
The fourth step in the workflow allowed us to compare porosity and pore-throat size 
distribution of the natural rock samples and proxies using two methods: 1) CT data of microplug 
and macroplug were compared with CT data and surface images of the microplug proxy; and 2) 
mercury porosimetry data from three proxies were compared with CT data of the microplug 
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proxy and natural rock samples. Digital calculations of porosity and pore-throat size distribution 
from CT data on natural and 3D-printed samples were made using the Avizo software 
(FEI/ThermoFisher Scientific): Axis Connectivity and Volume Fraction function was used for 
porosity calculation; Opening and Separate functions were used for estimating pore-throat size 
distribution. The porosity and pore-throat sizes were measured only on the connected pores in all 
natural and 3D-printed samples. Surface images of a cut proxy were taken with DinoXcope 
digital mono-lens microscope. Porosity and pore-throat size distribution of three microplug 
proxies and original core-plug samples (microplug and macroplug) were measured by mercury 
intrusion experiments performed on a Quantachrome PoreMaster33 mercury porosimeter at Iowa 
State University (Ames, IA, USA) with the following parameters: 0.3-30,000 psi mercury 
intrusion pressure range, 140° contact angle, 480 dynes/cm2 interfacial tension, room 
temperature (23°C), and atmospheric pressure, using the Washburn equation (1921). 
7.4.2 3D-Printed Proxy Validation 
Accuracy of the Berea sandstone proxies was validated by comparing the bulk properties 
(volume and mass), porosity, and pore-throat size distribution from mercury porosimetry data 
and digital measurements from CT data. These proxy properties were also compared to the rock 
sample properties measured via mercury intrusion porosimetry and CT. The bulk volume of the 
digital microplug (8-cm3 cube) was increased in all proxies on average to 8.43 cm3 (Table 1). 
The mean mass of 8.02 g for microplug proxies was close to the predicted mass of solid polymer 
in proxies (7.37 g), provided the polymer volume of 6.30 cm3 (from digital calculations) and 
polymer density of 1.17 g/cm3 (from vendor information). Minor differences in the predicted and 
resulting proxy masses could arise due to residual wax support material in the pore space.  
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The porosity of CT volumes in natural and 3D-printed samples was calculated from the 
segmented pore phase. Porosity measurements agreed between the CT data microplug and 
macroplug (21.3% and 21.6%, respectively). Modal pore-throat diameters for the microplug CT 
volume were the same as the macroplug CT volume (~18 µm; Figure 4A). Mercury intrusion 
results also agreed with the CT-data calculations as well as between microplug and macroplug 
porosity (21.9% and 22.1%, respectively) and their modal pore-throat diameters (~18 µm; Figure 
4B). 
For 10-fold magnification, the predicted modal pore-throat size had to correspond to 
~180 µm measured by mercury porosimetry on proxies (Figure 4A-B).  Mercury porosimetry 
results for proxies 1-3 showed two distributions of pore-throat sizes in three proxies: 10-100 µm 
and 0.01-1 µm (Figure 4).  
The first pore-throat size range (10-100 µm) showed that porosity of the microplug 
proxies were smaller by ~7 percentage points (mean between three proxies was 14.3%) than 
porosity of the microplug CT volume (21.3%) (Table 1). The modal pore-throat size of ~50 µm 
gained a 2.5-fold magnification instead of 10-fold as designed (180 µm) that indicates either 
insufficient magnification or inaccurate replication of pore throats. The overall trend for 
porosity-to-pore-throat size relationship in all proxies was that both properties decreased relative 
to digital model from which they were printed (Figure 4A-B).  
The rising nature of the second range (0.01-1 µm) at high pressures (50-30,000 psi) likely 
reflects compression of the proxies and thus sets a lower limit for pore-throat sizes that can be 
measured via mercury intrusion on proxies made with this material. This “compression porosity” 
is not included in calculations of the total proxy porosity and is defined as a mercury porosimetry 
artifact of the 3D printing material (Table 1). The material compression can be quantified by the 
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compressibility factor, , that is a fractional change in solid volume per unit of pressure (Leon y 
Leon, 1998). Compression porosity can form during mercury injection at higher pressures (>50 
psi) due to pressure-induced heating and depends on the mechanical properties of the material 
and its pore volume (Giesche, 2006). Compressibility factors for natural and synthetic materials 
differ based on their composition: e.g., ~10-10 Pa-1 for Berea sandstone (Zimmerman et al., 1986); 
10-7-10-10 Pa-1 for polymers (Giesche, 2006). Compressibility factors for three Berea sandstones 
proxies (Table 1) calculated using mercury intrusion slope in the volume-pressure curve (0.01-1 
µm pore-throat range) closely match the manufacturer-specified value (3.33-5.00x10-10 Pa-1), 
supporting the interpretation of this part of the mercury intrusion curve as due to compressibility 
of the material. 
To determine the differences between digital and lab-measured porosity in natural rocks 
and proxies, a CT image of the microplug was compared to: 1) cut surface images of the 
microplug proxy-4; and 2) a CT image of the microplug proxy-2. CT image of the natural 
microplug (Figure 5A) and an optical image of the proxy-4 surface (Figure 5B) showed affinity 
in the geometry of grains and pores because the proxy was cut close to the location of the CT 
image.  
A thin-section of the proxy-4 (Figure 3) could not be successfully completed due to 
support material inside the model that prevented blue epoxy from impregnating all pores (Figure 
5C). In addition, the wax support material reacted with water during cutting of the proxy making 
the polymer fragile. The proxy’s solid phase had similar angularity to those in the natural 
sample, but striations formed during proxy cutting deformed some of its geometry.  
The CT images from proxy-2 showed a decrease in porosity by two percentage points and 
a decrease in the modal pore-throat diameter by 56 µm from the digital microplug CT (Table 1). 
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The wax support material occupied both pore throats and pore bodies in the proxy that could 
explain the decrease in the properties measured by mercury intrusion porosimetry (Figure 4A-B). 
Residual wax material could exacerbate intrusion of mercury at low pressures (<50 psi) into pore 
space during experiment and could reduce the pore-throat sizes in the proxies by forming rims on 
the polymer surfaces (Figure 5E-F).  
7.5 Discussion 
The polyjet method of 3D printing was able to build repeatable proxies of a porous 
sandstone based on validation by destructive and non-destructive analyses. Key petrophysical 
properties of proxies, porosity and pore-throat sizes, derived from the proxy CT data were close 
to the CT calculations of the digital rock model than to the mercury porosimetry data. We 
interpret the observed deviations to have arisen from incomplete removal of the wax support 
material, positional inaccuracy of the moving nozzle, inaccurate magnification of the digital 
model, compression of the proxy during mercury porosimetry, or a combination of these factors. 
Porosity. For the Berea sandstone samples, porosity measurements on the CT data and 
mercury intrusion from the microplug and macroplug (21.3-21.9% and 21.6-22.1%, respectively) 
were close to average gas-measured porosity reported by the vendor (20.0%; Kocurek, 2014). 
The microplug proxies, on the other hand, showed an average decrease in mercury-measured 
porosity of 7 percentage points (14.3%) in the mercury porosimetry data and 2 percentage points 
(19.3%) in the CT data over the digital design. The wax support material was not completely 
removed from the connected pores and could not be removed from the isolated pores. In 
addition, the proxy pore geometry could have discrepancies due to minor positional accuracies of 
nozzles and the geometry of the polymer droplets. Polymer layers were built as hemispherical 
droplets that could differ from the geometry of mineral grains and pores in the natural rock 
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sample (Figure 1A; 5A-B). As the CT calculation of the proxy porosity included both open pores 
and pores filled with wax, its value is closer to the digital microplug porosity than mercury-
measured porosity of proxy-2 (Table 1). Residual wax remaining on polymer surfaces because of 
incomplete post-processing could clog the mercury pathways blocking its flow under low 
pressures (<50 psi) and measurement of the total connected porosity (Figure 1B). Dal Ferro and 
Morari (2015) reported a porosity decrease in soil proxies, where pores less than 200 µm were 
filled with wax despite multi-step post-processing that involved melting, ultrasonication, and 
oven-drying. The residual wax in the proxy pore space resulted in pore disconnection and thus 
increased the mass of proxies (mean ~8.02 g) in comparison with a predicted value of 7.37 g 
calculated from the density of polymer and pore volume in a digital model. This mass difference 
(~0.65 g) could represent the residual wax volume of 0.64 cm3 (assuming a wax density of 1.01 
g/cm3) that could correspond up to 5 percentage points of the total porosity as a difference 
between mercury-measured and CT-calculated results of proxy-2 (Table 1). The volume of wax 
in the pore space of proxy-2 measured on the CT data showed that wax occupied 30% of the total 
porosity, mostly in the proxy interior, that could decrease the porosity of open pores by 9 
percentage points.    
Pore-throat sizes. The standard deviation of the gap wafer for idealized pore throats was 
35 µm, whereas the deviation of CT-measured pore throats for the Berea sandstone proxies from 
the digital model was 56 µm. Both values were within manufacturer-specified accuracy of 20-85 
µm for Objet260 Connex3, despite that rock proxies having a more complicated structure. The 
manufacturer’s accuracy was specified for solid elements, and results of this study established a 
pore resolution of the polyjet 3D printer as 132 µm, with an accuracy of 35-56 µm. While the 
manufacturer’s accuracy indicated both positive and negative deviation from the resolution, 
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Berea sandstone proxies showed thinning of modal pore-throat diameter from 180 µm in the 
microplug CT volume to 50 µm in the mercury porosimetry data and to 124 µm in the CT data. 
This difference was observed because the pore-throat diameters in the CT data were measured 
from the pore space that contained both wax-filled and open pores, whereas the mercury-
measured pore-throat diameters were affected by the residual wax (Figure 5E). Pore-throat 
thinning in both measurements could be explained by the isopachous layers of wax attached to 
the polymer surfaces (Figure 5F) that could affect flow pathways reported in Dal Ferro and 
Morrari (2015) for pores smaller than 200 µm. Post-processing could also reduce the porosity 
and pore-throat sizes by deformation or partial melting of the wax support material during the 
water-air injection, which occurred at 70ºC or higher. In the sandstone proxies, the pore-throat 
geometry and sizes could be affected by inaccuracies of the nozzle movements in XY direction 
between polymer droplets as well as in the spacing between polymer layers (in Z direction). 
Perhaps the step motor increments of the nozzle movement were below the positional accuracy 
for such small pore-throat sizes (180 µm) resulting in deviations in the pore geometry that were 
also observed in the gap wafer for pore throats of 160-640 µm. 
Future recommendation of using polyjet printing in the reservoir rock analysis. 3D 
printing is a rapidly evolving technique but this tool requires careful adjustment of both printing 
and post-processing parameters to achieve the highest accuracy in reservoir rock reproduction. 
Current challenges of the rock replication workflow include the development of the enhanced 
post-processing system, identification of the digital model magnification to test repeatability of 
the replicated porosity and pore-throat sizes in proxies, and justification of proxy validation 
methods under varying experimental conditions to minimize errors and artifacts. As the residual 
wax in the proxy pore space affects the measurement of petrophysical properties, an enhanced 
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post-processing system for polyjet 3D printing should aim on complete removal of the wax 
support material, perhaps by solvent dissolution, without damaging the build material. Dal Ferro 
and Morrari (2015) and Suzuki et al. (2016) present flushing systems that involve removing of 
the wax material from the proxy pore space by organic fluids under pressure. However, the pore 
geometry after such experiments can be altered or damaged and pore volume can be reduced due 
to melting and clogging of the proxy pores.  
This study showed that magnification of the digital rock model is critical for successful 
printing of porous proxies that offer flexibility in replication of pore networks across common 
reservoir rocks. The current resolution of the polyjet technique allows 3D printing of proxies 
only for the coarsest sandstone pores at their natural scale (Figure 6). To obtain high accuracy of 
the sandstone proxies, future replication workflow should include digital model magnification, 
where the modal pore-throat diameters are large enough to be measured with destructive (e.g., 
mercury intrusion porosimetry) and non-destructive (e.g., CT) techniques and small enough to be 
analogous to reservoir rocks (e.g., 200-500 µm). Validation methods should investigate 
compressibility effects on polymer and wax materials measured on blank samples (same bulk 
volume and shape as sample; porosity = 0%) to use its porosity and pore-throat size distribution 
to correct the measured data from rock proxies. With a full control on the rock replication and 
validation parameters, we can build useful proxies that can test our hypotheses about reservoir 
pore networks and how they affect reservoir properties. 
7.6 Conclusions 
A combination of CT scanning and 3D printing allowed us to generate rescaled pore-
network proxies of Berea sandstone and to establish pore resolution (132 µm) for a polyjet 3D 
printer. While the macroplug and microplug CT data showed similar porosity (21.6% and 21.3%, 
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respectively) to mercury porosimetry results from the natural rock samples (22.1% and 21.9%, 
respectively), CT calculations on proxies had a porosity decrease of ~2 percentage points and 
pore-throat size decrease of 56 µm from the digital microplug model. Mercury intrusion 
porosimetry showed that the modal pore-throat size (50 µm) in the microplug proxies was only 
2.5 times larger than the CT model (180 µm) instead of 10-fold magnification as designed. These 
discrepancies could be attributed to incomplete removal of the wax support material from proxy 
pore space during post-processing, positional inaccuracy of the extruder nozzle, and inaccurate 
magnification of the digital model. Post-processing of polyjet proxies needs to be improved; 
perhaps by developing a method to dissolve wax support material without damaging a build 
material. Mercury intrusion porosimetry can provide information on pore-throat size 
distributions in proxies; however, at high pressures (equivalent to pore throats smaller than ~1 
µm) it may not be useful due to compression porosity artifact. Non-destructive methods (e.g., 
CT) can complement measurements of petrophysical properties in proxies, where mercury 
porosimetry data are less reliable. With advances in 3D printing, post-processing, and validation 
methods, rock proxies will be used to simulate reservoir rock proxies by identifying the effective 
scale of pore systems and petrophysical parameters that affect fluid flow. 
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Figures 
 
 
 
Figure 1. Schematic of polyjet 3D printing. (A) The building process consists of the following 
steps: 1) the extruder nozzle moves around the build platform in XY direction according to the 
model design; 2) droplets of liquid polymer and wax support material are jetted through the 
nozzles onto the build platform; 3) UV light passes through each droplet and instantly cures the 
polymer creating ‘grains’ and pore space is filled with wax; and 4) when all the droplets in one 
layer are deposited, the nozzle moves up and continues the jetting until all layers are built. 3D-
printed ‘grain’ sizes depend on the nozzle’s aperture (a) and accuracy of layer thickness (h). 3D-
printed ‘pore’ sizes depend on the XY positional accuracy and accuracy of layer thickness. (B) 
The support wax in the proxy pore space can reside on the polymer surfaces after 3D printing 
and post-processing. Modified after Ishutov et al. (2015).  
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Figure 2. Gap-test wafer for Objet260 Connex3. (A1) A side view of the wafer design with a 3-
mm thick solid base and 10 solid bars (5x10 mm) on the top. The gaps between bars represent 
the ‘pore throats’ with sizes in µm. (A2) An optical image of the 3D-printed wafer from the top. 
Pore-throat sizes in red represent gaps that were not 3D-printed. Pore-throat sizes in black 
represent successfully printed gaps measured on optical images. (B) An optical image of the area 
between 160-µm and 320-µm designed gaps 3D-printed as 132-µm and 292-µm gaps. (C) An 
optical image of 640-µm designed gap 3D-printed as 599-µm. (D) An optical image of 1280-µm 
designed gap 3D-printed as 1253-µm gap. 
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Figure 3. Workflow for analysis of Berea sandstone proxies. (A-C) Step 1: Microplug was cut 
from Berea sandstone macroplug and both samples were scanned by computed tomography 
(CT). A volume of (0.2 cm)3 was extracted from a microplug CT. (D) Step 2: CT volumes were 
segmented into pore (red) and grain (yellow) phases; pore phase was used for calculation of 
porosity and pore-throat size distribution. (E) Step 3: Grain-phase was magnified ten-fold to 
meet the 3D printer resolution and was used to 3D-print four microplug proxies. Step 4: One 
proxy was cut for internal geometry analysis; the other proxy was CT-scanned. Natural rock 
samples and three proxies (including the CT-scanned one) were analyzed with mercury 
porosimetry to determine pore throat-size distribution and porosity. Results from digital rock 
analysis were compared to the results of mercury porosimetry. 
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Figure 4. Plots of pore-throat size distribution for natural and 3D-printed Berea sandstone 
samples. (A) Results of CT data analysis. (B) Results of mercury intrusion porosimetry and CT 
data. Predicted microplug proxy curves show the modal pore-throat diameter of 180 µm 
expected for all proxies provided the 10-fold magnification of 18-µm diameter in the microplug. 
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Figure 5. Images of natural and 3D-printed Berea sandstone. (A) Binary tomographic slice of 
microplug taken in the proximity to the cut sections of the proxy in (B) and (C). (B) Photograph 
shows proxy-4 surface cut perpendicular to 3D-printed layering. (C) Photograph shows proxy-4 
surface cut at the location of the proposed thin section on the other half of proxy in (B). White 
material is solidified polymer representing the grain phase; shades of blue represent pore space. 
Red arrows indicate wax support material in pores. (D), (E), and (F) show CT slices of proxy-2, 
where pores are black, polymer grains are light gray. Wax support material is dark gray in (D) 
and (E) and blue in (F). (F) is a segmented image of (E).  
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Figure 6. Comparison of printable pore network across common reservoir rocks. Background 
image with pore sizes is modified after Nelson (2009). Red area represents pore sizes that can be 
measured with experimental (e.g., mercury porosimetry) or microscopy (e.g., CT, SEM) methods 
but they cannot be 3D-printed with polyjet technology because these pores are smaller than 3D 
printer resolution. Yellow area shows an overlap of pore sizes with experimental and microscopy 
analyses but replication of these pores may not be accurate. Green area represents the match 
between pore sizes and 3D printer resolution.  
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Table 1. Properties of Berea sandstone proxies calculated from results of mercury porosimetry 
and CT data analysis. SD – standard deviation.  
 
 
 
1 Digital properties refer to calculations from microplug CT data 
2 p.p. – percentage points 
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CHAPTER 8.  SUMMARY AND CONCLUSIONS 
 
My research has shown that 3D printing is a useful tool in the study of natural porous 
rocks that offers accurate reproduction of rock proxies from digital models in a variety 
materials and scales. While the resolution of 3D printers used in this research was insufficient 
to replicate a sandstone’s pore system at its natural scale, scaled-up proxies could produce 
geometrically accurate copies of its pore system. This application of 3D printing to 
geoscience research is still in its early stages, but I have presented several studies 
documenting the capabilities and limitations of this approach that have moved our 
understanding of this methodology forward. 3D printing techniques have the potential to 
support diverse investigations of petrophysical properties and geological processes in natural 
porous rocks over multiple length scales. The major benefits of rock proxies include: 1) low 
cost compared to natural rock samples; 2) repeatability of experimental analysis on their 
properties; 3) ability to directly correlate numerical simulations and experimental 
measurements of petrophysical rock properties; and 4) ability to share and archive models.  
While there is no single material or 3D printing technique that can produce the exact 
replica of a natural porous rock, these studies show that key pore-system elements (pores and 
pore throats) can be accurately replicated as indicated by both destructive (e.g., mercury 
porosimetry) and non-destructive (helium porosimetry and computed tomography) techniques. 
Mercury porosimetry provides a wide range of pore sizes for rock proxies (nanometer- to mm-
scale), but the compressibility of build materials under high pressures (>50 psi) can result in the 
porosity error that must be corrected. Helium porosimetry is a reliable method for measuring 
connected porosity in rock proxies, but isolated pores are missed. Computed tomography and 
optical microscopy are a valuable combination of methods to characterize the geometry of a rock 
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proxy pore system and calculate its pore size distribution and porosity. Both imaging methods 
can help visualize connected and unconnected pores and 3D-printed elements (such as the 
individual layers of the 3D-printed materials) in proxies. 
As each 3D printing technique uses different materials, physical and chemical properties 
of these materials determine chemical, mechanical, electrical, and transport properties of the 
resulting porous proxies. One of the major outcomes of this research is that several factors (such 
as accuracy and the resolution of 3D printers) are identified and quantified because these factors 
affect further measurement of proxy properties related to the pore system (e.g., porosity, pore 
sizes). In addition, pores are introduced as an artifact of all printing methods/materials and this 
artifact porosity is quantified. Higher-resolution imaging (e.g., SEM) and gas sorption 
porosimetry could more fully characterize the amount and morphology of these artifact pores.  
For stereolithography, I developed a multi-step post-processing system that improved 
cleaning of the proxy pore space from residual resin and allowed us to achieve a good correlation 
between digital and 3D-printed petrophysical properties. Artifact porosity of resins was 
negligible; pore resolution of stereolithography 3D printers and accuracy of the bulk and 
transport properties of resin-based proxies were shown to be the highest among the techniques 
investigated. Powder materials (such as silica and gypsum) could have similar properties (e.g., 
grain sizes, shapes) to natural rocks. While their artifact pores could replicate microporosity of a 
sandstone, they did not accurately represent the macropores in the original rock samples. I also 
showed that 3D printing could be used to resurrect a physical porous rock from its tomographic 
images that had been destroyed during laboratory analysis decades ago. If the pore and grain size 
distribution were known and if the powder grains could be fully impregnated with acrylate glue 
to avoid mechanical damage during experimental analyses, powder-based proxies would be 
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useful for studying flow process in porous rocks. Plastics and polymers (in polyjet and fused 
depositional modeling) were less suitable for fine-scale pore systems, where pore sizes were less 
than 500 µm, due to issues associated with incomplete removal of the support material from 
proxy pore space. This research and previous studies on polyjet 3D printing showed that a 
refined post-processing system should be developed to dissolve the support material without 
affecting the dimensions of the proxy. 
Future cost reductions in hardware and materials coupled with an increase in resolution 
of 3D printing techniques will make generation of rock proxies more accessible to geoscience 
research. The results of my research show that accurate proxies of porous rocks can be produced 
with common 3D printing techniques and this should allow future studies to embark on testing 
hypotheses concerning multi-phase fluid flow, reactive transport, geomechanical behaviors, and 
electrical properties of natural and man-made systems. A diversity of materials and scales in 3D 
printing will enable the production of rock proxies from the micro-scale (e.g., microfluidic 
channels and fractures) to the reservoir-scale (e.g., meter-scale blocks with beds and laminations) 
as well as multi-material proxies with varying physical and chemical properties replicating 
heterogeneous mineralogy and pore system of natural rocks. Lab-measured results from such 
proxies (porosity, permeability, mechanical strength, electrical resistivity) could be compared 
with: a) experimental data from original rock samples; and b) direct calculation of petrophysical 
properties from CT and microscopy images to refine computational models that predict 
properties of natural rocks. This integrated approach will provide a more systematic investigation 
of enhanced recovery strategies in reservoir rocks and more sustainable usage of aquifers by 
tuning petrophysical properties related to fluid-rock interactions (such as contact angle between 
minerals and fluids) in numerical simulators.  
